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ABSTRACT 
Geopolymers were synthesized with alkoxysilane and other organo-silane supplements to 
improve adhesion to organic polymers and to modify porosity.  Uncured geopolymer slurry was 
found to be miscible with various alkoxysilanes, and the resulting cured geopolymer strongly 
adhered to organic polymers if and only if the alkoxysilane possessed an appropriate coupling 
agent linking group for the polymer.  Issues relating to maximizing reactivity and properly 
measuring the porosity of these complex systems using gas adsorption porosimetry and mercury 
intrusion porosimetry (MIP) were addressed.  A new pore size distribution calculation using MIP 
results was tested and applied. 
Geopolymer mesoporosity could be minimized through the use of alkoxysilanes with 
acrylic acid or similar functional groups, which Fourier transform infrared spectroscopy 
identified as transforming to sodium acrylates in the high pH of the geopolymer system.  
Transmission and scanning electron microscopy identified the self-assembly of 100 nm-1µm 
sheets and tubes of the acrylate-functional alkoxysilane which bound strongly to geopolymer 
precipitates.  These small phases were able to inhibit the sequestration of surplus water in 
mesoporous structures through a waterlocking mechanism.  Numerous property modifications 
were observed as a result.  Examination with nitrogen adsorption showed an order of magnitude 
decrease in mesopore volume, while compressive testing found a 48% increase in Weibull 
modulus for compressive strength and a probable increase in compressive strength.  Mercury 
intrusion porosimetry measurements showed up to a 24% increase in bulk density.  Meaningful 
property modification and mesoporosity reduction required the addition of at least 0.06 mol 
acrylate/mol geopolymer, and no sheet or tube phases were observed with smaller amounts of 
acrylate.  This is consistent with a saturation model in which about 0.06 mol/mol of alkoxysilane 
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monomer is able to co-precipitate directly with the geopolymer, and any surplus forms the sheet 
or tube phase.  
Dilute emulsions of geopolymer reagents with organo-silanes were capable of producing 
highly porous monolithic solids through templating and surface modification, with or without an 
additional hydrophobic phase.  In the dilute geopolymer emulsion, dimethyldiethoxysilane 
demonstrated the least phase separation of the several organo-silanes tested and created the most 
porous monoliths.  X-ray diffraction and Fourier transform infrared spectroscopy data illustrated 
limited geopolymerization in dilute slurries with or without organic additives, but this limitation 
was reduced through extended mixing of more concentrated slurry, followed by further dilution.  
Mercury intrusion porosimetry data illustrated the creation of percolating network porous solids 
with controllable porosity within the range of 60 vol% to 80 vol% or more, and controlled 
critical percolation pore sizes within the range of approximately 500 nm to the tens of µm.  
Critical percolation pore size was observed to increase with increasing porosity, and to decrease 
with increasing emulsion stability.  Scanning electron microscopy illustrated the creation of an 
organic film on the interior surfaces of the pore network.  Firing the porous geopolymer at 800 
ºC for 4 hours in a nitrogen atmosphere removed the organic film and increased porosity without 
meaningfully increasing critical percolation pore size.  The fired geopolymer sample had X-ray 
diffraction characteristics of an amorphous glass and demonstrated increased strength.  A hard 
minor phase was identified as ß-SiC. 
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CHAPTER 1 
INTRODUCTION 
Alkali-activated aluminosilicates, or geopolymers
1
 (GP), are a class of hard, brittle 
materials which possess properties of both traditional cementitious materials and engineering 
ceramics.  Their superior mechanical properties to Portland cement provide interest in large-scale 
manufacturing, while the ability to process at ambient conditions allows for uses that are 
impractical for traditional fired ceramics. 
The material is surprisingly resilient to compositional changes and the presence of 
impurities, allowing for synthesis from an array of waste materials including fly ash
2
, slag
3
, and 
even agricultural wastes
4
.  Higher quality geopolymer is synthesized from clays, particularly the 
highly reactive metakaolin.  The latter is more appropriate for engineering-quality ceramic 
products, producing a more consistent microstructure and a more fully reacted product. 
However, understanding and control of geopolymerization and the resulting complicated 
microstructure is far from complete
5,6,7,8
.  This lack of knowledge likely contributes to the wide 
variety of properties and observations of anomalous material behavior reported in the literature.  
At the same time, it is possible to successfully engineer specific bulk and microstructural 
properties using a variety of methods. 
One of the most important microstructural parameters for geopolymers is porosity, yet 
little progress has been made in controlling or tailoring porosity.  Reducing porosity is vital for 
mechanical purposes if geopolymer is to substitute for existing cementitious materials, while 
increasing the geopolymer porosity opens new applications such as thermal barrier coatings and 
filters.  While some progress
9,10,11,12,13,14
 toward porosity control has been made by altering 
various synthesis parameters, marked property changes have thus far been elusive, and a more 
2 
 
focused investigation is worthwhile.  In particular, the great property improvements in Portland 
cement achieved though the simple addition of various organic materials such as high-range 
water reducers suggests organic additives might be beneficial for geopolymers as well. 
  
1.1. Project Objectives 
This project seeks to demonstrate quantitatively and qualitatively substantial 
modifications to the porosity of geopolymers without fundamentally altering their character as 
alkali-activated aluminosilicates.  This character includes the simple room temperature and 
pressure synthesis and curing process mandatory for practical cementitious materials.  To operate 
successfully within this constraint, the project relies upon modifying the geopolymer 
condensation process at a chemical and nanostructural level through the use of organic additives. 
Even more importantly, the mechanisms by which various modifications occur must be 
fully described, in order that later optimization of the organic-modified geopolymer system can 
be possible.  Currently, minimal knowledge of organically modified geopolymer exists.  
Observing in detail the interactions of various organic materials with geopolymer during and 
after the curing process both advances the theoretical understanding of geopolymers and assists 
the geopolymer community in expanding the use of this material in practical applications. 
 
1.2. Approach 
The complex and poorly understood nature of geopolymers has made modifying 
geopolymers with organic additives a convoluted task.  As this project involves both ceramic 
engineering and polymer chemistry knowledge, the customary thorough review of the literature 
(Chapter 2) provided the interdisciplinary background so important for this task.  It proved 
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necessary to specifically investigate the interaction of geopolymers with various organic 
materials, and it was found that certain alkoxysilane additives were able to avoid immediate 
phase separation from the geopolymer slurry, and thus affect cured properties (Chapter 3).  The 
utilization of such additives posed the problem of reducing geopolymer reactivity, although 
procedure modifications greatly mitigated that reduction (Chapter 4).  Additionally, the objective 
of understanding porosity modification made correct porosity characterization vital, and some 
modifications to existing techniques (Chapter 5) proved valuable for useful data about the 
complex porous structure of the organic-modified geopolymer. 
Addressing these concerns along the way allowed for the goals of the project to be met.  
It was found that hydrogel-like water segregation within the curing geopolymer enabled 
extensive mesoporosity reduction (Chapter 6), and surface-energy driven liquid phase separation 
and dehydration methods allowed for the synthesis of highly porous geopolymers (Chapter 7). 
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CHAPTER 2 
LITERATURE REVIEW 
Geopolymers
1
 have been studied extensively since their discovery, with most of the 
research having been conducted since 2000
15
.  Today, the topic is generally accepted as its own 
subfield of materials science, with two recent books providing thorough reviews
6,7
.  While much 
of the research has been involved with maximizing compressive and flexure strength, scientific 
investigations have also probed the effects of alkali-alumina ratio
16
, alkali choice
17
, alumina-
silica ratio
16
, choice of precursor
2,3,4,18
, filler phases
19,20,21,22,23,24
, and other processing 
considerations.  The effects of these variables on microstructure are now generally understood
5
. 
Investigations of the porosity of geopolymers have been limited to date, likely because of 
the clear reduction in strength that pores provide.  Despite some initial efforts
9,10,11,12,13,14,25,26
, 
true control and understanding of porosity content and size in geopolymers has not been 
established.  In particular, there has been no exhaustive investigation into control of pores 
smaller than approximately 20-50 µm
9
, other than the 5-20 nm nanopores created within the 
geopolymer through precipitation
14
.  Methods to create highly porous geopolymers with pore 
sizes between these ranges have not been successful. 
Additionally, while certain broad patents mention the incorporation of organic materials 
into various aluminosilicates including geopolymers
27,28
, only minimal scientific understanding 
of the results of such inclusion has been previously gained.  In particular, the organic materials 
that have been incorporated into geopolymers have been incorporated as bulk phases
23,29,30
.  In 
contrast, this document describes the applicability of monomeric organic additives to 
geopolymer formulations, and the microstructural control that such systems offer.  While the 
effects of organic additives are well-known in the syntheses of zeolites
31
 and various sol-gel 
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silicates such as aerogels
32
, the inherent value of combining the simple synthesis of geopolymers 
with the advanced property control of these engineered aluminosilicates justifies an 
investigation.  The ability for organic systems to self-organize in aqueous systems is unmatched 
by any inorganic material, so these additives provide the greatest possibility for porosity 
manipulation.  A discussion of the known practical and theoretical considerations for these topics 
is presented in this section. 
 
2.1. Geopolymer Properties 
Geopolymers must be practically distinguished from other similar materials, in order to 
clearly illustrate the design space.  As described in detail below, geopolymers possess properties 
of cementitious materials, geological minerals and polymer covalent resins, providing the logic 
behind the name
1
.  However, there are important practical differences in both microstructure and 
bulk properties that differentiate these materials from any of the three classes of materials listed. 
 
2.1.1. Microstructure 
Geopolymer microstructure has been previously intensively investigated by a full slate of 
traditional characterization methods.  For the length scale of nanometers to hundreds of 
nanometers, analysis using transmission electron microscopy and gas adsorption porosimetry has 
been most beneficial.  For larger length scales, scanning electron microscopy has been the chief 
technique, combined with various bulk tests, including differential scanning calorimetry, 
mercury intrusion porosimetry, and various mechanical tests.  At smaller length scales, x-ray and 
neutron diffraction, 
29
Si
 
and 
27
Al nuclear magnetic resonance, and various spectroscopies have 
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provided significant insight into the nanostructure, and these results will be discussed in the 
chemistry portion of the review. 
For sodium geopolymers synthesized from metakaolin, the literature
16
 recognizes a clear 
Si·Al ratio effect on the microstructure.  As the ratio increases over the range from 1.15-2.15, the 
geopolymer shows an increasingly homogenous structure at the length scale of µm, with some 
porosity at this length scale.  At smaller ratios, particularly below 1.65, an extremely chaotic 
structure of loosely connected precipitates, random porosity and unreacted material occurs on a 
length scale of hundreds of nm. Using other materials often creates additional observable 
phases
2,33,34
 that consist of unreacted impurities.  Porosity is present at this length scale and 
smaller length scales, and will be discussed in detail below. 
  
2.1.2. Mechanical Properties 
Improving compressive and flexure strength has been perhaps the major focus of 
geopolymer research, as providing an alternative to traditional calcium-based cements has been a 
priority.  Numerous techniques and results are summarized elsewhere
7
.  Research has been quite 
successful, identifying formulations that are both relatively resilient to processing and 
compositional deviation and possessing compressive strength of approximately 80 MPa or 
more
5,35
.  The modulus of rupture is also satisfactory, with the literature reporting widely spread 
values in the upper MPa and lower tens of MPa
36,37
.  Tensile splitting strength
38,39
 is also 
occasionally reported.  Sudden brittle failure by cracking is characteristic of unmodified 
geopolymers. 
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2.1.3. Use as Composite Matrix 
Mitigation of cracking failure has been accomplished by the addition of numerous filler 
phases, including carbon fibers
19,20
, polymer fibers such as poly(vinyl alcohol) or 
polypropylene
21,40
, metal mesh
22
, concrete filler and other additives 
23, 29,30,41
.  The mentioned 
documents illustrate order-of-magnitude or more improvements over the unmodified geopolymer 
in properties such as work-to-failure and yield strain in tension or flexure.  When mineral 
aggregates such as sand and other siliceous materials are used as filler, a composite is created 
without a detectable interfacial transition zone
24
, implying very strong interfacial adhesion must 
occur as the geopolymer cures against the hardened silicate.  Thus, it is possible to acquire the 
mechanical properties of typical concrete formulations fairly straightforwardly. 
 
2.1.4. Other Uses 
This natural adhesion to silicates and other ceramics was found to extend to some metals 
and investigated in detail
42
.  This strong adhesive ability also allows for geopolymer to be used 
in encapsulation of toxic or nuclear wastes
43,44
 due to its thermal stability.  The same thermal 
stability allows for its use in insulation if made sufficiently porous
45
, and as a catalyst support or 
a filter
46
. 
 
2.2. Geopolymer Chemistry 
Geopolymer chemistry and nanostructure have been investigated very thoroughly, in an 
attempt to both improve bulk properties and to correctly categorize this class of materials.  Based 
on 
27
Al
 
nuclear magnetic resonance, AlO4
-
 was identified as the fundamental building block of 
the aluminate
47,48
.  Use of 
29
Si NMR allowed for a complete description of the interrelation of Si 
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and Al in the superstructure
49
, identifying a range of systems of the form Si-O-(Si, Al).  This 
included polysialates, polysiloxosialates and polydisiloxosialates
47
 in short-range frameworks 
possessing the repeating units of various zeolites
8,50
 such as zeolite A, Na-X and sodalite
1,51
.  No 
Al-O-Al linkages are possible, as normal for aluminosilicates
52
. 
Geopolymers appear amorphous with a characteristic wide hump at approximately 28º 2-
Θ when observed with x-ray diffraction, but electron diffraction is possibly capable of 
identifying crystallinity
8
 at least in low-silica sodium geopolymers. This suggests that the 
individual precipitates may be too small to be detectible using XRD.  This is consistent with pair 
distribution function studies
15,53,54
 which identify minimal correlation beyond roughly a 
nanometer for either Cs or K geopolymers.  The technique is confirmed by demonstrating the 
conversion of these geopolymers to pollucite and leucite at high temperature
15
. 
Transmission electron microscopy reveals a structure of agglomerated precipitates of 
approximately 5-40 nm in size
55,56
.  In-situ FTIR studies identify the precipitation of an 
aluminum-rich phase first, followed by the gradual increase in silicon incorporation
57
.  This has 
the result of an inhomogeneous nanostructure amongst and probably within the individual 
particulates, although efforts using even synchrotron radiation-based infrared microscopy with 
hierarchical clustering analysis lacked the resolution to fully analyze individual precipitates
57
. 
 
2.2.1. Precursors 
As mentioned in the introduction, geopolymers can be synthesized from a vast array of 
clays, pozzolans, various ashes, minerals and other sources of aluminosilicate, and can be 
activated using aqueous alkali hydroxides, alkali silicate solutions (“waterglass”)1, and even 
sodium aluminate or other salts
58
.  For practical uses, much of the focus has been on using 
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various ashes where unreactable material acts as filler
18
 but unreacted clay sheets are sometimes 
observable with SEM in metakaolin-based geopolymers as well
59
.  Due to the formulation of 
highly reactive 5-coordinated aluminum oxide structures
60,61
, kaolin calcined in the range of 700 
ºC to 750 ºC for 1 to 2 hours produces the best mechanical performance
62
 of the various clays 
investigated, and metakaolin offers the scientific advantage over other precursors of minimal 
impurity phases. 
The choice of alkali activator has been shown to be of great significance, with sodium 
silicate activator shown to produce a less homogenous microstructure and larger pores than a 
potassium silicate activator
17,63
, perhaps due to differential dissolution kinetics of Al and Si by 
the activator
64
 or differing radii of hydration 
65
.  It also affects the coefficient of thermal 
expansion, with cesium hydroxide activation possessing almost zero, while lower atomic 
numbered alkali have increasing coefficients of thermal expansion
15
.  Neither the RbOH nor the 
CsOH precursor is usable for all but the greatest of value-added systems for cost reasons, and 
lithium based geopolymeric systems had appeared impossible by traditional synthesis means but 
might now be possible using some recent techniques
66
. 
 
2.2.2. Synthesis 
Geopolymerization occurs through a well-recognized three-step process of dissolution of 
the aluminosilicate source, polycondensation of aluminosilicate oligomers into precipitate 
nucleation sites, and finally precipitation of individual geopolymer particles on the order of 
approximately 5-30 nm in diameter to create a gel, with the characteristic size increasing with 
alkali cation size
7,55,59
.  Experiment has shown that starting from an aluminosilicate such as 
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metakaolin, which is a layered aluminosilicate of composition Al2O3•2SiO2, and an aqueous 
alkali silicate, the reaction proceeds spontaneously as follows
1,7,67
: 
                                  (  )     (  )  (2.1) 
 
Thus the bulk aluminosilicate is dissolved into monomers.  The monomers then 
polymerize into oligomers, utilizing the additional silicate already in solution: 
   (  )   (  (  ) )     (  ) (  (  ) )     (  )   (   ) (2.2) 
 
These oligomers (here indicated as linear, see below) continue to expel water through the 
condensation process, gradually cross-linking into a covalent network solid that eventually 
becomes insoluble in the typical manner of such networks: 
 (   (  ) (  (  ) )     (  ) )   
(2.3) 
 
 (     )    
 
The water synthesized from this reaction tends to be only a small portion of water 
initially added for rheological purposes, but sets a theoretical lower bound on minimum water 
content.  In practice, alkali cations will bind a portion of the water within their radii of hydration, 
but not enough to fully solvate the cation as it is partially bound to the aluminate
65
. 
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2.2.3. Curing 
The synthesis of geopolymers is so straightforward that the only real considerations are 
the composition (discussed above) and the curing process.  In hydrothermal conditions, the 
above reaction results in the creation of various zeolites, the study of which is an entire discipline 
of itself.  It is believed that under geopolymerization conditions, insufficient water and heat 
prevent full synthesis of zeolite crystals and indeed, a relatively smooth transition has been 
observed between a geopolymer and a zeolite phase as temperature and curing time are 
increased
8
. 
Numerous investigations have provided a wealth of data from ambient conditions all the 
way to hydrothermal conditions.  As a rule, temperature provides the greatest effect on 
properties
68,69
 with elevated temperatures producing a weaker product
2,68
.  Products produced 
without sealing generally experience cracking even at relative humidity as high as 70%
70
, so the 
vast majority of experiments utilized sealed molds, although a few humidity-related 
investigations have been recently conducted
71,72
.   
 
2.3. Geopolymer Porosity 
The considerable water forced out through this polycondensation reaction ultimately 
resides in mesopores, as described above.  TEM
41
 and gas adsorption porosimetry
14
 identify the 
presence of extensive porosity at the length scale of 5-20 nm, which are considered to be spaces 
between individual precipitates.  Differential scanning calorimetry with thermal gravimetric 
analysis and diliatometry provided evidence that these pores are filled with free water
59,73,74
.   
It is possible to artificially increase porosity through the use of evolved gasses
9,10,12,25,75
, 
typically using silica fume or an oxidizing metal to evolve hydrogen gas.  The oxygen-evolving 
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reaction using hydrogen peroxide has also been demonstrated
9
.  It was found that the pores 
formed from the evolved gas were large macropores (20 µm to mm)
10,25,75
, unless the samples 
were cured under positive pressure
9
, which resulted in minimal porosity gain, cracking and other 
failures.  This is consistent with the well-understood principle that gaseous bubbles in the slurry 
will not nucleate below a certain diameter
76
, as well as the occurrence of cavitation below a 
certain diameter
77
 due to the necessary high pressures required to maintain a highly curved 
surface. 
Efforts to reduce porosity have been generally ineffective, with only relatively recent 
investigations showing much progress
65
.  This is likely because geopolymer porosity tends to 
consist of both the mesopores between precipitates, which have been viewed as intrinsic to the 
structure, and macropore voids between aggregates of precipitates.  The macropore voids can 
assume a variety of sizes up to the tens of µm depending on processing conditions
78
, but rarely 
contribute large amounts of pore volume in dense formulations
9,14,56
.  The macropores are 
effectively defects
7
, and increasing the water used in geopolymer formulations tends to increase 
the volume of these macropores
14
.  They are thus likely formed from excess water added for 
rheological reasons.   
 
2.4. Functional Alkoxysilanes 
Geopolymers make excellent composites in part because they easily accommodate bulk 
phases within the matrix by crosslinking around them.  Unfortunately, the geopolymerization 
reaction’s flexibility in handling impurities by crosslinking around them can be a curse as well as 
a blessing.  It is difficult to ensure good dispersion of additive phases and prevent agglomeration 
during curing, particularly with organic additives. To address issues of phase separation, it is 
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vital that the adhesive performance of geopolymer to organic material be improved.  A well-
known method
79
 of improving adhesion between glasses and organic materials is the 
incorporation of silane coupling agents at the interface between the silicate glass and the organic 
filler.  These compounds possess both an organic functional group and a silicon atom, with 
leaving-groups attached to the silicon atom.  These groups are most typically chlorine atoms
80
, or 
various alkoxy groups.  In a geopolymer, chlorine salts would result from the byproduct, which 
would result in worsening strength
81
 as well as complicating the cation distribution in the 
geopolymer, so alkoxysilanes are better potential choices. 
While the synthesis of useful alkoxysilanes has been known since at least 1867
82
, and the 
compounds are ubiquitous in sol-gel chemistry as a precursor and in fiberglass manufacture as a 
sizing agent, little investigation of their interaction with either cured geopolymer or geopolymer 
slurry has been conducted, although a patent
27
 now exists that covers the general system.  Thus, 
the existing literature on the chemistry, physics and processing of these materials is substantial 
but requires consideration of the analogy between geopolymers and glasses.  Additionally, the 
coating of a geopolymer with a sizing agent is a different task than is the reacting of such an 
agent during the curing process.  In particular, alcohol, the expected byproduct of the 
alkoxysilane condensation, is known to inhibit the geopolymerization reaction
83
 although this 
interaction has not been intensively investigated. 
 
2.4.1. Chemistry 
The fundamental idea of the alkoxysilane coupling agent is to bond covalently the agent 
to silanol groups on the surface of the silicate
84,85
, although it is not altogether conclusive that 
full covalent bonding actually occurs
79,86
.  In aqueous medium, the reaction could be expected to 
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resemble a sol-gel synthesis of a silicate gel if an approximately full reaction is assumed to 
occur.  Under ambient conditions and neutral pH, however, the condensation reaction does not 
occur readily
79
.   
Catalysis of this reaction is therefore useful, though not required.  This is most often 
conducted with organotin catalysts
87
, but these chemicals are quite toxic
88
 and would leech from 
a geopolymer, so alternatives would be preferred.  Acid catalysts and basic catalysts are both 
possible, however
89
.  Thus, the presence of sodium hydroxide already present within the 
geopolymer slurry should be sufficient.  The size of alkane groups on the alkoxide is negatively 
correlated with reactivity
79
.  Additionally, water content and the presence of other solvents play a 
role in controlling the rate of reaction, with at least some water required to form any cross-
linkages
90
.  Finally, the reaction can be driven by heating to 140 ºC
91
 or even by ultraviolet 
radiation
92
. 
 
2.4.2. Applications 
There are several related uses of functional alkoxysilanes.  The most obvious is as an 
adhesive bridge between organic materials and silicates, as mentioned above.  The others depend 
on altering the surface properties of a silica or other monolith.  Such changes can include 
producing a protective coating
93
, creating reflective or anti-reflective coatings
94
, manipulating 
the electric double layer or otherwise modifying dispersion
95
, templating a pore structure
96
 and 
altering the surface energy of the compound
97
.  The latter three effects are of most interest in 
geopolymeric research. 
In particular, xerogel formulations
98
 often make use of an alkoxysilane or other silane 
coupling agent to improve drying characteristics and limit damage from capillary forces.  This 
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blocking agent tends to have a non-functional short alkane group such as a methyl or aryl 
attached directly to the silicon.  The degree of alkoxide functionality controls the morphology of 
the resulting surface by controlling the amount of crosslinking.  Such mono-, di-, or tri- 
functional alkoxysilanes can be incorporated into an existing sol gel synthesis
99
 or added in some 
subsequent step
98
.  Alkoxysilanes can also be polycondensated alone to create a silicone polymer 
with only alcohol byproducts. 
 
2.5. Emulsions 
One system in which the surface energy alteration potential of alkoxysilanes would be 
useful is within the geopolymer slurry itself.  The ability to use the geopolymer slurry as the 
hydrophilic phase of an emulsion has not been previously investigated.  Emulsions are a system 
in which a non-dissolving liquid is suspended in another liquid as a secondary phase.  The size 
and distribution of these liquid droplets is governed by well-understood principles of interfacial 
physics, particularly that the creation of the emulsion from two discrete phases involves the 
creation of extensive amounts of interface.  Any interface must store more free energy than a 
comparable mass of the bulk phase, or the entropy of mixing would prevent the creation of a 
separate phase.  
It is possible to use a surfactant to reduce the free energy of an emulsion.  This is done by 
bridging the two phases with a phase amenable to both, so that two low-energy interfaces replace 
one very high energy interface.  Both the droplet size distribution
100,101,102
 and 
morphology
101,102,103
 are heavily influenced by the choice of this bridging phase or surfactant, 
and in particular, its molecular structure and geometry.  Surfactants possess both hydrophilic 
(head) and hydrophobic (tail) parts of the surfactant molecule.  By altering the geometry of the 
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head and tail parts of these molecules, various organized micelle structures such as sheets, 
bilayers, spheres and even bicontinuous phases can be formed
101
.  It is further necessary to match 
the selection of the surfactant to the selection of the two bulk phases.  Additionally, as 
temperature and other environmental considerations can affect the functioning of the surfactant, 
it is obvious that correct choice of surfactant for a particular system is a difficult problem. 
 
2.5.1. Hydrophobic Phase 
For a geopolymer, the necessity of water and the hydrophilicity of the aluminosilicate gel 
suggest that the geopolymer slurry itself be the primary phase, necessitating a hydrophobic liquid 
as the second phase.  There are innumerable possibilities for the hydrophobic phase.  To make a 
template for porosity, there are two factors of importance:  interfacial energy minimization for 
emulsion stability, and control of removal of the emulsion after geopolymer gelation.  A simple 
but effective method is to drain the second phase after curing if damage to the sample caused by 
capillary forces can be prevented.  Thus, these two factors are both addressed by minimizing the 
interfacial energy of the phases through an appropriate surfactant.  Emulsion stability can also 
depend on the choice of phase due to Oswald ripening, but is generally a modest effect compared 
to interfacial energy-driven coalescence and coagulation
104
. 
The straightforward nature of short-chain alkanes made them a natural choice for this 
investigation.  For any such hydrocarbon, increasing chain length implies a higher surface energy 
at ambient conditions
105
, as well as a higher viscosity, boiling point and melting point.  Exacting 
choices can be made between these for various engineering applications, but the length 
dependence on surface energy is not large. 
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2.5.2. Ionic and Non-ionic Surfactants 
To a good approximation, surfactant properties depend on the sizes of the hydrophobic 
and hydrophilic molecule ends, the emulsion temperature, and choice of emulsion phases.  In 
return, emulsion properties are heavily modified by concentration of the surfactant.  Due to the 
vast quantity of surfactants possible, engineers have simplified them into categories based on 
these traits. 
For temperature dependence, the “fish diagram” (Figure 2.1) represents the constant 
water-oil ratio section of the water-oil-surfactant phase diagram
106
.  For nonionic surfactants, 
increasing temperature results in increased hydrophobic character of the surfactant.  For ionic 
surfactants, the rule is reversed
101
.  For all effective surfactants, there is a target temperature 
range in which an emulsion can be made, and that range depends on both water-oil ratio and 
surfactant concentration. 
Consequently, a straightforward categorization of surfactants is required.  The 
hydrophilic-lipophilic balance number (HLB) is a typical characterization.  This characterization 
considers the ratio of the mass of the hydrophilic region to the mass of the entire molecule, 
normalized by a factor of 20 
107
.  Thus, increasingly hydrophilic molecules have higher numbers 
up to a maximum of 20 for a wholly hydrophilic molecule.  Later modifications
108
 considered the 
comparative strength of various groups by weighting them by a weight W: 
      (     )     ∑       
      
 (2.4) 
 
In Equation 2.4, Nl is the number of monocarbon lipophilic groups (CHx) and the other 
weights are derived from coalescence rates
108,109,110
.  Using this equation and the accompanying 
group weights, it is possible to calculate values for the surfactants of interest in this investigation. 
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Figure 2.1.  The surfactant fish diagram, illustrating temperature and concentration 
dependence for a non-ionic surfactant emulsion in water and oil.  The superimposed 
beakers provide a visual image of the emulsion at various points on the diagram, where 
white represents water, black an oil and grey the emulsified mixture.  For intermediate 
concentrations, changing temperature while holding non-ionic surfactant concentration 
constant results in a pair of phase transitions. 
 
2.5.3. Functional Alkoxysilanes as Surfactants 
Using the HLB number for functional alkoxysilanes produces only an estimation of the 
surfactant’s performance due to the resulting silicone polymer phase111.  Instead, hydrophilic 
groups, lipophilic groups and silicone groups that are neither are all considered in the “3-D 
HLB” system.  According to that methodology, separate HLB numbers are generated for 
silicone/oil emulsions and silicone/water emulsions, using the masses of the regions as described 
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above
111
.  The weighting modifications do not appear to have yet been satisfactorily applied to 
alkoxysilanes.  
From this data, it is clear that functional silanes can be either hydrophobic or amphiphilic.  
It is important to note that, as these molecules polycondense, they will yield alcohol byproducts 
that will reduce the 3-D HLB numbers, and at the same time, the silicone portion of the 
molecules will be immobilized in the covalent network.  Thus, the effective HLB numbers can 
be approximated by those of its functional ligand and the 3-D HLB method might be applicable.  
The effective HLB numbers of typical surfactants are presented in Table 2.1, and calculated 
results from some of the more useful additives discussed in later chapters are presented in Table 
2.2.  The MEMO surfactant appears quite amphiphilic by this analysis, while the amine-
functional surfactants appear more hydrophilic by this measure.  The silicone precursor DIDE 
contains no hydrophilic material after reaction and is thus assigned an HLB of 0.  The exact 
surfactant properties of these materials do not appear to have been previously investigated. 
 
Table 2.1.  Calculated Hydrophilic/Lipophilic Balance Numbers for Typical 
Surfactants 
Surfactant HLB Number 
Cetyltrimethylammonium chloride (CTAC) 22.1 
Tetraethylene glycol lauryl ether (C12E4) 2.6 
Tricosethylene glycol lauryl ether (C12E23) 8.9 
 
2.6. Percolating Networks 
For isotropic porosity systems and rigid pore walls, geometry dictates a maximum 
possible closed pore volume percentage as roughly 74%.  In polymer foams, the presence of a 
blowing agent allows for much higher closed porosities as the individual pores can expand to fill 
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space without failure of the pore walls.  Consequently, to exceed this porosity in a ceramic, it is 
necessary to utilize an open network. 
 
Table 2.2.  Calculated Hydrophilic/Lipophilic Balance Numbers for Silane 
Coupling and Blocking Agents 
Surfactant 
Silicone/Water 
HLB 
Silicone/Oil 
HLB 
Estimated 
Ligand 
HLB 
Methacryloxypropyltrimethoxysilane 
(MEMO) 
7.5 10.2 7.0 
Phenylaminopropyltrimethoxysilane 
(PAMS) 
4.9 12.9 13.3 
Aminopropyltrimethoxysilane (AMS) 7.0 9.8 15.0 
Dimethdiethoxysilane (DIDE) 4.3 7.8 0 
Note:  The estimated ligand HLB considers the silane head group immobilized within 
the matrix, leaving only the ligand to contribute to surface properties. 
 
Due to the value of open network solids in a vast array of applications, the physics of 
such materials are extremely well understood.  For the purposes of characterization, full flow 
through the material is preferable, but will increase the thermal conductivity properties of the 
material because of convection effects.  However, it turns out that the critical porosity required 
for an open material allowing flow across an infinite distance (a percolating network) is merely a 
function of geometry and has been found by both Monte Carlo simulation
112,113
 and practical 
experiment
113
 to fall in the range of only about 16-18 vol% of pores for cementitious materials.  
This suggests that for a highly porous random network, the system will always be open or at least 
percolating.   
Previous research on metakaolin geopolymers using mercury intrusion porosimetry
114
 
(MIP) and octane intrusion
11,55
 suggested that porosity approaches 40 vol%. Other previous 
investigations of geopolymer porosity have used primarily nitrogen adsorption
14
, reporting 
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porosities on the order of 0.1 cc/g, roughly equivalent to about 7% porosity.  For traditional 
cements, the difference in porosity observed by gas adsorption and MIP was related to pore sizes 
larger than the range of the gas adsorption technique
115
. 
The other major anomaly possible in these measurements is an incompletely percolating 
network.  In this case, it is very difficult to determine the total porosity of a combination of open 
and closed pores, and one method to do so involves considering samples of various sizes
116
.   For 
a highly porous geopolymer, closed porosity is not expected to be an issue.  For a minimally 
porous geopolymer, closed porosity does represent a problem, but it is a problem that can be 
mitigated by estimation of the density of a hypothetical fully dense geopolymer.  Using these 
tools, it should be possible to estimate the total porosity of the entire continuum from a 
minimally dense geopolymer to a highly porous one. 
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CHAPTER 3 
ALKOXYSILANE INTERACTION WITH GEOPOLYMER 
This chapter is partially comprised of previously published material
*
. 
 
3.1. Background Information 
The ability to cure geopolymers under ambient conditions offers a valuable application in 
the creation of ceramic coatings on polymer substrates.  In particular, geopolymers could be an 
obvious choice as an adhesive or protective coating for polymers in high-temperature 
applications, especially those where application of an intermediate epoxy or other adhesive layer 
is impractical. A previous investigation
42
 demonstrated conclusively the possibility of creating 
strong adhesive geopolymer-ceramic bonds and geopolymer-steel bonds, but generally only 
minimal adhesive strength is observed between geopolymer and an organic substrate.  It is 
necessary to establish the adhesive interaction between alkoxysilanes and geopolymers, and 
considering this problem is a practical way of doing so.  Before addressing this possibility, it is 
useful to examine other mechanisms of adhesion between organics and geopolymers as well. 
Wet geopolymer slurries adhere strongly to some polymers, including polystyrene, due to 
partial wetting.  This adhesive force is eliminated due to the increasing of surface tension with 
solidification, but during early stages of geopolymer precipitation the material is both mobile 
enough and proximate enough to allow for dispersive adhesion.  Thus, mechanical interlocking is 
not in principle required.  The simplest method of enhancing adhesion is to increase wetting and 
                                                 
*
 B. E. Glad, C. Han, and W. M. Kriven, “Polymer Adhesion to Geopolymer Via Silane Coupling Agent 
Additives,” J. Am. Ceram. Soc., 95[12] 3758-62 (2012). 
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polar dispersive forces through the addition of a surfactant or other wetting agent that 
permanently reduces the surface energy of the resulting geopolymer.   
For this to be practical, liquid must be permanently entrapped at the interface between the 
geopolymer and the substrate.  Mass measurements imply that excess water migrates to the 
surface of the geopolymer during the latter stages of geopolymer curing.  This is most obviously 
observed in a molded geopolymer, which is often able to easily slip from a polymer mold due to 
the lubricating effect of the liquid interface.  Obviously adhesion from this water is not capable 
of promoting adhesion due to its freedom of movement, suggesting that entrapped polar material 
would be more effective.   
Expected to be far more effective is another traditional method of promoting adhesion.  
Typically, adhering amorphous silicates such as glasses to polymer consists of treating the 
ceramic surface with coupling agents (also called “sizing agents”) consisting of an organic 
functional group covalently bonded to a tri- or dihalosilane, or to various tri- or dialkoxysilanes.  
These materials, as well as their adhesion to glass and other substrates, is well known and 
extensively described by Plueddemann
79
.  Coupling agents are generally considered to create a 
successful bond between a silicate and polymer through a combination of covalent and 
noncovalent forces, and in particular are known to react readily with silanol.  For this 
application, alkoxysilanes were used rather than halosilanes because hydrolysis of the halosilanes 
would result in production of a strong acid, which would yield alkali halide salt precipitates in 
the basic solution.  The effects of such precipitates has been previously investigated and found to 
decrease durability in geopolymers unless extremely small quantities of water are used, which 
would result in decreased strength
81
.   
24 
 
Both of these methods are considered and evaluated against a selection of substrates.  It 
was found to be possible to synthesize adhesive geopolymeric material with bonding strong 
enough for a variety of real-world purposes, with almost no modification of processing time or 
conditions. 
 
3.2. Adhesion Test Design and Procedures 
The values of many mechanical properties can be legitimately observed using a variety of 
different tests, described in numerous different geometries.  In contrast, measured adhesive 
strength, is highly variable depending on geometry, because adhesive failure depends on a 
complex interaction of local delamination, highly asymmetric stress distributions, surface 
asperities and imperfections.  Consequently, it is valuable from both a scientific perspective and 
practical materials design considerations to evaluate adhesion using multiple geometries.  This is 
especially true when cohesive failure of the adhesive or the substrate is the dominant form of 
adhesive failure.  Various formal tests that were conducted are described below.    
In many cases, very low adhesion is observed, making sample handling difficult and 
formal quantitative measurement impossible.  In those cases, a lack of effective adhesion is 
simply reported instead.  Samples which delaminated due to procedural miscues were not 
factored into the results. 
 
3.2.1. Synthesis 
Metakaolin (MetaMax HRM, 3.6 µm median particle size
117
, BASF Corp., Florham Park, 
NJ) was used as received.  An aqueous sodium silicate solution (waterglass, 
Na2O•2SiO2•11H2O) was prepared from fumed silica (Cab-o-sil LM-150D, Cabot Corp., Boston, 
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MA), sodium hydroxide granules (Fisher Scientific Co. L.L.C., Waltham, MA) and deionized 
water.  The solution was stirred for 24 hours to allow for full dissolution of the silica, and then 
aged for at least 2 weeks at ambient temperature to ensure typical oligomer relative 
concentrations.   
Adhesive additives were added dropwise to 11.1 g batches of metakaolin, and the result 
mixture was combined with either 19.0 g (Formulation A, see Appendix) or 18.5 g (Formulation 
B) waterglass.  Adhesive additives consisted of the silane coupling agents N-
phenylaminopropyltrimethoxysilane (PAMS), methacryloxypropyltrimethoxysilane (MEMO) 
and/or aminopropyltrimethoxysilane (AMS) (all Gelest, Inc., Morrisville, PA), and these 
coupling agents were used as received. 
High-impact polystyrene (HIPS) sheet (U.S. Plastic Corp., Lima, OH) and polystyrene 
foam (Styrofoam Ag board, bulk density=0.03 g/cm
3
, Dow Chemical Corp., Midland, MI) were 
used as substrates.   
 
3.2.2. ASTM Tensile Adhesion Test 
Tensile adhesion of geopolymer (Formulation A2) to polystyrene foam was investigated 
using the ASTM E736 test, since one possible use of an adhesive geopolymer is as a fireproof 
polymer coating in building insulation.  To conduct this test under controlled conditions, a 
customized apparatus was developed, as illustrated in Figures 3.1 and 3.2. 
A standard test sample for this method requires a 30 cm x 30 cm x 1.25 cm sample of 
both coating and substrate, which requires the synthesis of approximately 1.6 kg of geopolymer 
(for a geopolymer with a bulk density of about 1.4 g/cc).  However, the available laboratory 
synthesis methods allow a maximum mass of roughly 200 g per slurry batch.  It was also 
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observed that a foam substrate of that size would experience considerable deformation, reducing 
the accuracy of the test.  Thus the sample size was reduced to 10 cm x 10 cm x 1.25 cm, which 
proved to be satisfactory.  The metal adhesive cup was a cylinder 6.67 cm diameter and adhered 
directly to the geopolymer surfacing using the EpoxiCure system (Buehler, Lake Bluff, IL) and 
the appropriate hardener. 
 
 
 
Figure 3.1.  A sample loaded into the custom ASTM E736 fixture.  The length of a side 
of the plate is 40 cm, allowing for the loading of a 30x30 cm sample. 
 
3.2.3. ASTM Double-lap Shear Adhesion Test 
Adhesion of geopolymer (Formulation A) to HIPS was measured using ASTM D3527 (a 
double-lap shear test) at standard laboratory humidity and temperatures of 27 ± 1 °C.  The 
inherent flexibility of HIPS sheets meant that the panel cutting prescribed was likely to place the 
adhesive under tension, so the sheets were cut to the specified testing width prior to curing the 
geopolymer, as defined in a permitted modification of the standard.   As a result, some deviation 
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from the prescribed 0.1 mm precision of the lap sizes occurred due to slippage and normal 
handling.  Instead, the lap sizes were carefully measured to the nearest 0.1 mm length and width 
after the test, and the reported values are the observed force normalized by the true total lap area.  
Tests were conducted at 3 days and 15 days after initial curing was initiated.  Samples were 
cured sealed at 25 °C unless otherwise specified. 
 
 
 
Figure 3.2.  A side view of the custom ASTM E 736 fixture, illustrating the nominal 2.5 
cm width overlap used to clamp the polystyrene foam board flat against the load exerted 
upwards on the specimen. 
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3.2.4. Polymer Foam Sandwich Test 
Adhesion of some organically-modified geopolymer (Formulation B) to polystyrene 
foam caused failure of the foam from shear prior to debonding, so additional tensile tests were 
conducted.  Each sample for these tests consisted of two 50x50 mm squares of foam, each with a 
thickness of 25 mm, bonded by the geopolymer, and adhered securely to a tensile tester using a 
commercial polystyrene-steel bonding agent.  The samples were allowed to rest sealed at 
ambient conditions for more than one month to provide a good estimate of final adhesive 
strength in a practical application. 
 
3.3. Other Characterization 
Cu-Kα X-ray powder diffraction (XRD) testing was conducted with a Seimens-Bruker 
D5000 diffractometer.  Tests were conducted at 40 kV, 30 mA, a step size of 0.02° 2-theta, and a 
measurement time of 4 seconds/step.  Scanning electron microscopy (SEM) micrographs were 
captured using a JEOL 6060 scanning electron microscope with specified excitation energies.  
Diffusion reflection infrared spectra were taken using a Nicolet Nexus 670 spectrometer on 
powdered samples mixed with KCl (1:19 wt ratio).  Powder samples of adhesive were generated 
by dry grinding in an alumina mortar, and were collected after being passed through a 44 μm 
mesh. 
Diametral compression strength testing of these samples was conducted according to 
ASTM D3967 (a Brazil test) at standard laboratory humidity and temperatures of 26 ± 1 °C.  The 
samples were cast in sealed cylindrical poly(tetrafluoroethane) molds of 25.4 mm in diameter, 
and cut with a diamond-edged wafer blade to a thickness of approximately 8 mm in diameter.  At 
least 10 samples cut from 3 different cylinders were used for each test. 
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3.4. Results 
XRD data such as Figure 3.3 confirmed that the addition of the silanes tested did not alter 
formation of the amorphous network or inhibit reactivity.  The transition of the amorphous peak 
from 22-degrees to 28-degrees in the XRD plot is well-known and taken as evidence that the 
geopolymerization proceeded as expected.  Additionally, no evidence of zeolitic formations or 
other crystalline structures was observed.  Anatase, present as an impurity in the metakaolin 
precursor used, was observed unchanged in the final product. 
 
 
 
 
Figure 3.3:  X-ray diffraction spectrum of a Formulation B adhesive GP modified with 
PAMS is qualitatively similar to that of regular Formulation B GP.  The hump at ≈28° 2-
Θ in indicative of typical geopolymerization.  The peak at ≈25.5 2-Θ indicates titania 
impurities. 
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3.4.1. Comparison of Adhesion 
Testing on the E736 samples was abandoned after further investigation revealed that 
failure of the polystyrene foam resulted in an inability to reach even 100 kPa tensile adhesion 
strength (Table 3.1, Figure 3.4).  Attempts to conduct statistical analysis using 13 samples of 
PAMS-modified geopolymer identified a meaningful positive relationship between curing time 
(measured as time between casting and testing) and tensile adhesion strength.  Substantial 
adhesion remained following exposure of the open side of the 1.3 cm-thick sample (≈1 min) to 
the unvarying flame of a propane torch. 
 
Table 3.1.  Results of Fire-proof Monolith Testing 
Sample parameters Maximum adhesion 
0.072 mol PAMS/mol GP, cured 20 days 0.091 MPa 
0.024 mol PAMS/mol GP, cured 29 days 0.065 MPa 
 
Adhesion testing results for the double-lap shear tests (Table 3.2) indicated that the 
addition of coupling agents to geopolymer offers advantages for adhesion to polymer sheets.  It 
appears that the low strength of unreinforced geopolymer was the limiting factor for the observed 
adhesive strength.  It was observed in every case that the 80-mm adhesive laps demonstrated far 
less adhesive strength than did the 8-mm laps for identical Formulations of adhesive, providing 
evidence that failure occurs due to high stresses propagating from areas with adhesive or 
structural imperfections. 
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Figure 3.4.  An optical photograph of 0.072 mol PAMS/mol GP 25 °C (Formulation 
A2) cured adhesive (bottom) attached to polystyrene foam (top). The adhesive 
remained bound to the polystyrene foam after a tensile adhesion test (ASTM E736 with 
reduced sample size), as the polystyrene foam has failed before the coating 
delaminated.  The width of the sample in the image was 10 cm. 
 
Table 3.2.  Comparison of Coupling Agent Additives 
Alkoxysilane 
Additive (0.072 
mol/mol GP) 
Double-lap adhesive strength (MPa) 
80 mm lap, 3 days 10 mm lap, 3 days 10 mm lap, 15 days 
None 0.06 ± 0.009 0.06 ± 0.015 -- 
MEMO 0.08 ± 0.015 0.28 ± 0.028 0.05 ± 0.004 
AMS 0.10 ± 0.007 0.59 ± 0.12 0.12 ± 0.032 
PAMS 0.09 ± 0.030 0.52 ± 0.10 0.10 ± 0.037 
PAMS, 50 °C 1-day 
cure 
-- 0.06 ± 0.013 0.10 ± 0.040 
 
Brittle failure of the geopolymer prior to or concurrent with delamination was observed 
in nearly every lap test using AMS or PAMS adhesive geopolymers, and a reticulated network of 
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cracks was visible in SEM micrographs of the geopolymer surfaces after failure (Figure 3.5).  
Both of these modifiers proved to greatly improve adhesive strength as compared to both the 
unmodified control and the MEMO-modified geopolymer.  Results are presented in Table 3.2.  
Not included in Table 3.2 are the results of several similar coupling agents (including glycidoxy, 
isocyanate, vinyl, and non-functionalized silane coupling agents), or ionic or non-ionic 
surfactants, each of which demonstrated too little adhesion to be useful or easily measured by the 
apparatus. 
 
 
 
Figure 3.5:  A scanning electron micrograph (25 kV excitation energy) of a 0.072 mol 
PAMS/mol GP 25 °C (Formulation A) cured adhesive.  A reticulated network of cracks is 
visible after cohesive failure in a double-lap shear test.  This adhesive did not 
demonstrate such a crack network prior to the test. 
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Results for tensile sandwich adhesion to expanded polystyrene foam are shown in Table 
3.3.  The foams were found to have experienced linear shrinkage of approximately 1% after the 
curing in contact with the adhesive geopolymer.  This suggests that the failure at relatively low 
strengths observed in the double-lap tests was a result of drying shrinkage observed in the 
geopolymer that created tremendous stresses on the adhesive bonds at the interface.  For the laps, 
stress was maintained, but for the foams, the foam itself yielded in preference to debonding.  
Clearly, adhesion to polystyrene foam using an aniline-functional coupling agent is superior to 
an amine-functional coupling agent once cohesive and drying-related failures are mitigated.   
 
Table 3.3.  Results of Foam Tensile Adhesion Tests 
Tensile Adhesion Strength 
(MPa) 
Curing Temperature (24 hours) 
Ambient 50 °C 
Sample 
additive (18 
g/mol GP) 
PAMS 0.340 ± 0.0245 0.266 ± 0.0518 
AMS 0.0503 ± 0.0182 0.0352 ± 0.0332 
 
The time-dependent results of adhesion are presented in Figure 3.6 as well as Tables 3.1 
and 3.2.  It is clear that the adhesion observed is much stronger before long-term curing and 
drying have taken place.  Based on the foam results, it seems likely that this decrease in strength 
is due to drying shrinkage of the geopolymer.  However, improved results with increasing 
amounts of coupling agent begin to occur as drying time increases.  If adhesive failure is a result 
of local cohesive failure of the adhesive, then clearly strength increases more slowly for the 
geopolymer with increased amount of additive. 
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Figure 3.6.  The relationship of additive quantity versus adhesion strength as measured 
by double-lap shear tests.  Error bars indicate the maximum and minimum adhesion 
strengths measured. 
 
3.4.2. Mechanical Strength 
The results of diametral compression data are presented in Table 3.4.  Unfortunately, the 
adhesive benefits of PAMS were accompanied by a loss of strength.  This loss of strength was 
mitigated by curing at ambient temperature rather than elevated temperature.  The Weibull 
modulus (calculated using median ranks) of the adhesive was much higher, indicating a more 
reliable failure mode and more uniform flaw distribution in the sample.  This observation is 
suggestive of a more polymeric character, which is consistent with the addition of the organic 
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material to the matrix.  The Weibull scale factor (also known as characteristic life) estimates the 
stress required to cause approximately 63.2% of the samples to fail.   
 
Table 3.4.  Comparison of Diametral Compressive Strength of Modified and 
Unmodified Geopolymer 
Sample type Splitting Strength (MPa) 
Weibull Scale Factor 
(MPa), Modulus 
GP 4.00 ± 1.76 4.53, 2.52 
GP with .072 mol 
PAMS/mol, 50 °C 
2.46 ± 0.53 2.68, 4.94 
GP with .072 mol 
PAMS/mol, ambient 
3.20 ± 0.74 3.49, 4.72 
 
3.5. Discussion 
Through a control geopolymer-modified geopolymer difference method, FTIR data 
(Figure 3.7) allowed for the identification of distinctive PAMS peaks noted in the literature
118
 
even at concentrations of 0.072 mol PAMS/mol geopolymer.  The presences of an aromatic 
group (multiple stretching bands from approximately 1400-1500 cm
-1
), aromatic and aliphatic C-
N stretches (1322 and 1255 cm
-1
, respectively), and an alkane C-H bend (1466 cm
-1
) were 
confirmed, as expected for the molecule.  Also matching the reference sample over the range 800 
cm
-1
 to 1650 cm
-1
 were distinctive peaks at 811 cm
-1
 and 1600 cm
-1
. 
A peak at 3745 cm
-1
 is characteristic of free, isolated silanol
119
 but appears only with the 
addition of PAMS.  This may be indicative of the slightly higher ratio of Si:Al in the modified 
geopolymer (due to the silane component of PAMS), or it may indicate that the addition of the 
silane somehow causes the formation of small amounts of free silanol within the geopolymer.  
This peak is very sharp, and distinct from the hydrogen-bonded O-H stretch (observed as a broad 
peak in the vicinity of 3400 cm
-1
, as expected due to the presence of water, Si-OH and related 
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species) clearly evident in both the PAMS geopolymer and the control.  This seems to indicate 
relatively little covalent interaction between the adhesive and the geopolymer, but the adhesion 
remained strong even after multiple years. 
It is possible to attribute this time dependence to the effect of methanol byproducts of the 
coupling agent condensation reaction with silanol, in light of the known retarding effects of 
alcohols on the geopolymerization reaction
83
.  This effect is in contrast to an overall weakening 
of the system brought about by the addition of 3-coordinated network modifiers, as the cohesive 
effects of such weakening should be approximately constant over time.  The system was sealed 
during the entire drying period, so loss of coupling agent from the system should not be an 
appreciable factor.  There was no meaningful difference observed in the microstructures of 50 °C 
versus 25 °C cured PAMS geopolymers far away from the adhesive interface (Figure 3.8). 
Notably, for both adhesives a large proportion of the available interface area is instead 
occupied by pores, as seen in Figure 3.8.  These large pores were not observed in the 
geopolymers adhered to the HIPS sheets.  Because of the irregular distribution of the pores over 
the interface surface, it is not likely that the pores are the result of templating by the foam, 
especially as extruded polystyrene foam does not have features on that length scale.  Instead, it is 
likely that the presence of water at the interface causes such porosity.  It is possible that a 
reduction in water could thus improve adhesion to foams.  That may require a change in 
precursors from metakaolin to fly ash, where a lower water ratio is typical
7
. 
Clearly, the necessary route to improved adhesion is through improved cohesive strength 
rather than stronger adhesive characteristics.  Strength improvement has been a central focus for 
geopolymer research for quite some time and a tremendous variety of references exist on this 
topic, and has been well-summarized previously
5
.  
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Figure 3.7.  A comparison of a portion of the spectrum representing the difference 
between an FTIR spectrum of Formulation A geopolymer modified with 0.072 
mol/mol PAMS and an unmodified one.  Comparison to a reference
118
 suggests that the 
PAMS functional group remains largely unchanged.  
 
That being said, the incorporation of silane coupling agents into the geopolymer slurry 
was successful and resulted in modification of mechanical and adhesive properties.  The 
additives resulted in reduced mechanical strength but an increased Weibull modulus.  Double-lap 
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tests and tensile adhesion tests identified drying shrinkage and thermal expansion mismatch were 
identified as the major obstacles to adhesion, which were found to be mitigated by the easy 
yielding of polystyrene foam.  Considerable variation of results occurred based upon choice of 
organic functional group, with aniline functional groups proving superior to amine, methacrylate 
and other functional groups.  There was little evidence that the coupling agents provided large 
microstructural modification, but further microstructural analysis is required. 
 
 
 
Figure 3.8.  Scanning electron micrographs (20 kV excitation energy), illustrating a comparison 
of bulk 0.072 mol PAMS/mol geopolymers cured at 25 °C (a) versus 50 °C (b).  Microstructure 
alone provides little indication of greatly differing adhesive properties. 
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Figure 3.9.  A scanning electron micrograph (20 kV excitation energy) of macroscale 
pores in the adhesive at the PAMS GP-PS foam interface.  Clearly, these macropores 
reduce the total interfacial area.  They are likely the result of water expelled from the 
adhesive during drying, and are not observed at the PAMS GP-HIPS interface. 
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CHAPTER 4 
GEOPOLYMER CURING AND DRYING CONDITIONS  
This chapter is partially comprised of previously published material
†
.   
 
4.1. Background Information 
Full or nearly full geopolymerization is necessary for a sufficient sample.  It is observed 
that reactivity is decreased due to the addition of the organic additives, but is it also observed that 
processing differences greatly influence the microstructure.  The evaporative method used to 
synthesize highly porous geopolymers (Chapter 7) represents a departure from understood 
processing practice.  Thus, it is valuable to consider the effect of these conditions on 
geopolymerization, and isolate them from the effects of the organic material.  This investigation 
thus considers geopolymer evaporative material alone. 
While geopolymer research has been conducted in both relatively humid and relatively 
arid environments, little to no research has investigated the effects of humidity and water vapor 
conditions on geopolymerization.  Most investigations have used sealed containers or molds in 
geopolymer preparation, resulting in substantial information on the geopolymerization process at 
effectively saturated conditions and little otherwise
5,6,7,15
. 
The effect of water content has been previously investigated under sealed conditions, 
identifying microstructural changes in porosity
14
 and specific surface area
2
.  However, for many 
practical applications, including bulk uses such as construction as well as coatings, a geopolymer 
                                                 
†
 B. E. Glad and W. M. Kriven, “Humidity Effects on the Completion of Geopolymerization in Dilute 
Evaporative Slurries,” pp. 25-30. in Developments in Strategic Materials and Computational Design III: Ceramic 
Engineering and Science Proceedings, Vol. 33, Iss. 10. Edited by W. M. Kriven, A. L. Gyekenyesi, G. Westin, and 
J. Wang. American Ceramics Society, Daytona Beach, Fl., 2012. 
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formulation that does not require sealing might provide advantages over the traditional 
formulations.  This investigation intended to determine what sort of changes to processing were 
required in accounting for this difference, since it was observed that drying geopolymers for 
extended times leads to failure by cracking and that a minimum amount of water needs to be 
retained to prevent this failure
2
. 
It has been known for many years that drying of precipitating silica networks may result 
in either bulk precipitation or skin growth from the evaporative surface, depending on the 
condensation rate of the silica formulation
120
.  In the case of skinning, the resulting precipitate 
microstructure would be expected to depend on distance from the free surface, and drying 
characteristics would be difficult to predict.  For bulk precipitation, normal drying kinetics in a 
system with time-varying porosity might be expected to suffice in describing the system.  Due to 
this ambiguity, an investigation of geopolymer thickness on curing and drying was beyond the 
scope of this report. 
 
4.2. Experiment Procedures 
Sodium silicate solution (waterglass) was prepared as follows:  160.0 g sodium hydroxide 
(Sigma-Aldrich Co., LLC, St. Louis, MO) was added to 360.0 g DI water in a stainless steel 
container and stirred using a polytetrafluoroethane stir bar with a magnetic stir plate until fully 
dissolved.  The container was then sealed with polyethylene terephthalate plastic film, and the 
temperature of the stir plate was set to approximately 45 ºC.  A total of 240.0 g fumed silica 
(Cab-o-sil LM-150D, Cabot Corp., Boston, MA) was then added in small batches of 
approximately 10 g, each time allowing for complete or almost complete dissolution of the silica 
before adding the next batch, with the container remaining sealed when not adding silica.  After 
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all silica was added, the container was resealed and the contents were allowed to stir at the 
elevated temperature for 24 hours.  After 24 hours, the solution of sodium silicate was poured 
into a polyethylene container, and allowed to equilibrate at ambient conditions for at least two 
weeks.  Metakaolin (Metamax EF, median particle size
117
 2.7 µm, Engelhard Corp., Iselin, NJ) 
was used as received. 
Samples were synthesized using 2.78 g metakaolin, 4.75 g waterglass, and additional 
water (Formulation C and C2, described in Appendix A), as appropriate for the non-premixed 
samples or the premixed samples. The premixed samples also used 0.51 ± 0.02 g dispersant 
(Darvan 821A, 40% ammonium polyacrylate in water, R. T. Vanderbilt Co., St. Norwalk, CN) as 
specified in Formulation C2.  Samples without additional water (Formulation B) were used as 
controls.  A sample was taken from each premix slurry after 1, 3 and 7 days, and then diluted and 
processed according to procedure C2 to 197 moles water/mol geopolymer (a value corresponding 
to the addition of 40.0 ml water) to create the Formulation C2 premixed geopolymer.  
 
4.3. Characterization 
Cu-Kα X-ray powder diffraction (XRD) testing was conducted with a Siemens-Bruker 
D5000 diffractometer.  Tests were conducted at 40 kV, 30 mA, a step size of 0.02° 2-Θ, and a 
measurement time of 8 seconds/step.  Diffuse reflection infrared spectra were taken using a 
Nicolet Nexus 670 spectrometer on powdered samples mixed with KBr (1:19 wt ratio).  Powder 
samples were generated by dry grinding in an alumina mortar, and were collected after being 
passed through a 44 μm mesh. 
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4.4. Analysis of Ambiently Cured Geopolymers 
During the porosity investigation, observed qualitative differences between sealed 
samples and samples cured under low-humidity conditions led to a question as to where precisely 
curing of the geopolymer ends and drying begins for an unsealed geopolymer.  While obviously 
geopolymerization can be inhibited through dilution, the question of whether evaporation of an 
excessively dilute geopolymer slurry down to normal synthesis conditions would result in the 
same or different microstructure as a regularly cured geopolymer had not been investigated.  As 
slurry viscosity is an important consideration, this investigation was conducted in an attempt to 
minimize slurry viscosity, which would have resulted in more flexibility in experiment design.  
Instead, a different solid structure was observed, and it was found that the degree of 
geopolymerization could be carefully controlled by manipulation of the water content at various 
degrees of the geopolymerization process.  This experiment was conducted at 25 ºC and 
desiccant conditions to both closely simulate geopolymer curing under arid conditions and more 
clearly identify differences.   
 
4.4.1. Results 
It was found that the highly alkaline 18Na2O•Al2O3•4SiO2•197H2O dilute slurries did not 
fully evaporate or form a coherent solid.   In every other case, monolithic samples eventually 
formed, but the mechanical properties, microstructure and phase composition of the monoliths 
varied considerably.  All of the monoliths cured under the desiccant conditions experienced 
cracking failure, as expected.  However, because of the massive excess of water used in these 
slurries, it is unsurprising that maximizing the humidity for even two full days (95% humidity) 
prior to reducing the humidity to desiccant conditions had no meaningful effect on the results, 
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but increasing the humidity to 70% and 30% for the duration of curing resulted in a solid 
monolith with minimal cracking. 
As seen in the x-ray diffraction data in Figure 4.1, the characteristic shift of the large 
geopolymer amorphous hump from metakaolin’s ≈22º 2-Θ to ≈28º 2-Θ was not observed in the 
highly dilute geopolymer slurries.  Instead, there is a large amorphous hump at ≈25º 2-Θ and 
unreacted metakaolin visible at ≈22º 2-Θ.  Additionally, the presence of sodium carbonate 
monohydrate (thermonatrite, Na2CO3•H2O, ICDD No. 04-009-3774) indicates that this phase 
was formed in parallel to the geopolymer reaction.  In every case, the presence of carbonate was 
associated with an incomplete reaction.  The sharp peak at ≈25.2 2-Θ is indicative of anatase 
(ICDD No. 00-21-1272).  That peak appeared in each pattern and is the result of titania 
impurities in the metakaolin. 
Infrared spectroscopy data reflect the same result, as seen in Figure 4.2.  In the controls, 
there is a clearly visible characteristic peak shift of the ≈1080 cm-1 Si-O-Si symmetric stretch to 
a ≈1000 cm-1 asymmetric stretch representing the interaction of the Si-O-Si bonds and the Al-O-
Si stretch observed at ≈810 cm-1 121.  In the samples produced from highly dilute slurries, such a 
shift was greatly reduced, and the carbonate peaks at ≈1460 cm-1 and ≈2900 cm-1 were 
substantially more prominent. 
The premixed samples illustrated incomplete reactions as well, but demonstrated a 
pronounced difference in reactivity as measured by FTIR peak shift, as shown in Table 4.1. 
However, these samples produced similar diffraction profiles as the dilute slurries, with the 
amorphous hump position apparently unchanged.  A limited amount of sodium carbonate 
decahydrate (natron, Na2CO3•10H2O, ICDD No. 00-037-0451) was also observed in these 
diffractograms, but only in samples premixed for more than one day. 
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Figure 4.1.  X-ray diffraction data of a geopolymer control (1·1·4·11 Formulation B) 
(A), a dilute slurry without premixing (B), and the results of 18.1 mol water-1 day (C), 
22.9 mol water-1 day (D) and 37.4 mol-7 day (E) premixes.  Present in all the samples 
was anatase (TiO2, triangle).  In all the dilute slurries thermonatrite (Na2CO3•H2O, 
circles) was observed and the amorphous hump at 28º 2-Θ is shifted to 25º.  In the 7 
day premixed samples traces of natron (Na2CO3•10H2O, pentagons) are present. 
 
4.4.2. Discussion 
The fact that premixing appears to have improved reactivity suggests that some initial 
reacted material is preserved through the subsequent dilution and evaporation, since the 
immediately diluted samples showed such minimal reactivity.  This could be useful for certain 
applications where viscosity must be minimized (such as spray coatings).  The fact that 
premixing time had a greater influence than concentration over the ranges investigated in this 
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experiment suggests that the range of premix concentrations could be expanded for further 
viscosity control. 
 
 
 
Figure 4.2.  FTIR spectra of premixed evaporative geopolymers are compared.  Dilute 
evaporative samples (197 mol water/mol GP) made with premixtures (34.2 mol 
water/mol GP) and without are compared to a standard dense geopolymer control.  As 
seen in the closeup (right), premixing for an extended period shifts the Si-O-(Si, Al) 
stretch peak towards the right, indicating greater aluminate incorporation. 
 
The ability to form carbonate rather than geopolymer is also apparently a consequence of 
the differing concentrations of reagents in solution.  Kinetic analysis of geopolymer
67
 and similar 
systems
122
 identify hydroxide concentrations as critical to dissolution of the aluminate species. 
The subsequent condensation reaction depends completely and approximately quadratically on 
the concentration of aluminosilicate oligomers in solution
67
 while the formation of the competing 
carbonate salt precipitates should depend only linearly on carbonate concentration.  Thus in a 
dilute system carbonate salt precipitation should dominate. 
Alternatively, sample temperature differences might significantly affect precipitation 
nucleation.  Although all samples were present in 25 ºC conditions, relatively rapid 
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geopolymerization occurring in regular geopolymer controls increases the sample temperature 
significantly.  At temperatures around 25 ºC, thermonatrite precipitation occurs readily with 
minimal nucleation time, while at higher temperatures significant nucleation time has been 
observed
123
. 
 
Table 4.1.  Position of primary Si-O-(Si, Al) stretch peak, as determined by FTIR 
Sample Initial Water 
Content 
1•1•4•x (mol/mol 
GP) 
Si-O-M FTIR peak (cm
-1
) 
Never 
diluted 
Diluted to 
1•1•4•197 after 
1 day 
Diluted to 
1•1•4•197 after 
3 days 
Diluted to 
1•1•4•197 after 
7 days 
11 (control B, sealed) 1008 Solid Solid Solid 
11 (control B, 
evaporative) 
1019 Solid Solid Solid 
197 (dilute slurry C) 1061 -- -- -- 
18.1 (premix C2) -- 1056 Solid Solid 
22.9 (premix C2) -- 1051 Solid Solid 
34.2 (premix C2) -- 1058 1042 1044 
37.4 (premix C2) -- 1059 1057 1046 
Note:  Values close to 1080 cm
-1
 indicate that the symmetric Si-O-Si stretch dominates.  
Premixes marked ‘solid’ solidified despite the mixing process and were thus unable to 
be used. 
 
Creation of a dilute evaporative geopolymer with full reactivity proved to be difficult.  
Substituting the sodium aluminate for the less reactive metakaolin proved ineffective, as bayerite 
(Al(OH)3) was produced in preference to geopolymer.  For controls, Metamax EF solidified 
within the planetary mixer for any reasonable degree of mixing, so Metamax HRM (3.6 µm 
median particle size
117
, BASF Corp., Florham Park, NJ)  was used.  Likewise, the dispersant was 
omitted due to its phase separation in the planetary mixer.  Other experiments indicated that there 
is no meaningful effect of these changes on geopolymerization.  
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CHAPTER 5 
CONSIDERATIONS ON POROSITY MEASUREMENT 
This chapter is partially composed of material submitted for publication
‡§
. 
   
5.1. Introduction 
Despite several tools devoted to the purpose, an exact porosity and pore size distribution 
measurement remains impossible.  Unlike other material property tests in which consistent 
methods apply over a range of materials, porosity measurement techniques require adaptation to 
the sample, due to the vast differences that are possible in pore size, shape, interconnectivity, 
accessibility and surface roughness. Consequently, it is imperative that porosity measurement 
techniques be carefully justified or at least described. 
At the same time, advancing the theory of porosity measurement itself is useful, because 
important processing and industrial decisions are made with data from these measurement 
techniques.  From a practical standpoint, pore size distribution data generally speak only 
indirectly toward material properties, but is valuable in scientific analysis as a microstructural 
and nanostructural description. 
 
5.2. Problems in Porosity Measurement 
The difficulties in measuring porosity in ceramics are both theoretical and practical.  The 
theoretical issues are mostly issues of geometry and in the functional definition of a pore 
                                                 
‡
 B. E. Glad and W. M. Kriven. “Optimization of Gas Adsorption Porosimetry for Geopolymer Analysis,” 
J. Am. Ceram. Soc., (2013), submitted. 
§
 B. E. Glad and W. M. Kriven. “Augmentation of Cycling Intrusion-Extrusion Mercury Intrusion 
Porosimetry for Percolating Network Solids,” Cement Concrete Res., (2013), submitted. 
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diameter.  While air entrainment
45
 and similar methods can produce spherical pores, and various 
other templating methods can produce pores of specified shape, pores of uncontrolled shape are 
harder to describe. 
It has been typical
124
 to use approximations such as dividing interior open volume into 
relatively large spherical or ellipsoidal cavities (pores) and constrictions connecting these pores 
(throats), or defining spaces between hypothetical close-packed spheres as the pore network.  
Standard analysis then defines pore diameter as an equivalent sphere (for pores) or an equivalent 
cylinder (for throats).  Certain modifications can be made to accommodate slit-like 
geometries
125
, but for intermediate and arbitrary geometries, no truly satisfactory measurement 
scheme has been devised.  Thus, any pore size distribution measurement has meaning only with 
regards to the model used to derive it. 
On a practical note, there are three different common methods for measuring pore size 
distribution.  The first and most straightforward is a variety of different cross-sectional imaging 
methods which identify the pores visually and count the pores of various sizes in a randomly 
selected area or randomly selected set of lines.  The difficulties involved in this method relate 
both to correctly contrasting pores and solid material, and to correctly interpreting pore shapes 
from the two-dimensional images.  The other two methods, mercury intrusion porosimetry and 
gas adsorption porosimetry are investigated extensively in this project and specific difficulties 
with these tools are described below. 
 
5.2.1. Nitrogen Adsorption 
Nitrogen adsorption porosimetry is exceedingly valuable in both specific surface area 
measurement and in pore size distribution for micropores. While obtaining the adsorption 
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isotherm is relatively straightforward, converting the result to meaningful microstructural data is 
not so simple.  Traditionally, specific surface area measurement is calculated using the BET 
method
126
, while pore size distribution is estimated using the BJH desorption method
127
.  Both of 
these methods make relatively crude assumptions in order to convert the adsorption isotherm to 
useful information. 
BET theory assumes that every adsorbed layer after the first has an identical number of 
sites and thus implicitly ignores all geometric concerns.  BJH theory assumes only cylindrical 
pores (although numerous corrections exist to expand the work to various geometries such as 
slits).  Thus, both methods are only approximations.  The most modern treatment of adsorption 
pore size distribution, non-linear density function theory
128
, is today’s primary method of 
adsorption pore size analysis, but is relatively crude itself. 
Of more concern to the experimenter using this technique for geopolymers is that 
outgassing from the sample meaningfully affects the measurement.  Since geopolymers at 
equilibrium possess several moles of water per mole geopolymer, it is quite possible for even 
tiny amounts of water to be released during the analysis. The partial pressure of this water is 
incorrectly interpreted as originating from unadsorbed nitrogen molecules, resulting in 
understating the quantity of nitrogen adsorbed.  Unfortunately, this is only detectable from data 
analysis in very obvious cases (such as a region where negative adsorption is observed with 
increasing pressure, or when the total volume desorbed exceeds the amount adsorbed during the 
same analysis). 
To prevent this effect, samples are extensively degassed.  Existing geopolymer work has 
required both vacuum and elevated temperatures
14,15
, but the effects of this treatment on the 
microporosity and the specific surface area have not been evaluated because an untreated sample 
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is not possible to test.  Consequently, for geopolymers and other hydrated gels, the accuracy of 
this measurement is not known.  Zeolites have such substantially higher gas adsorption than 
geopolymers that inferences from zeolite measurements are not appropriate. 
 
5.2.2. Mercury Intrusion Porosimetry 
By considering the capillary forces on pores filling with a non-wetting liquid, mercury 
intrusion porosimetry can provide a pore size distribution from ≈5 nm to hundreds of µm for 
certain simple pore geometries.  An amount of mercury intrudes a pore of a certain size at a 
pressure inversely proportional to its entrance diameter, so that the number of pores of certain 
sizes can be determined.  Thus, samples consisting of a percolating network of approximately 
monodisperse throats without interior pores can be measured accurately.   Unfortunately, most 
real samples have pore size distributions radically different than this ideal case.  In an open 
network of pores and throats, percolation theory (see Part 2.6) predicts that flow within the 
sample occurs above a certain critical value of porosity and only minimally below it.  This 
criticality implies that in gradually increasing pressures to measure increasingly small pore 
volumes, the mercury intrusion porosimetry technique will observe a sudden large volume of 
porosity when the cumulative volume of pores larger than or equal to the size currently being 
measured first exceeds the critical value. 
Thus interpreting the pressure data according to the Washburn equation
129
 has obvious 
flaws for percolating networks.  A more traditional analysis
130
 argues that mercury intrusion 
porosimetry underestimates the volume of large pores and overestimates the volume of small 
pores, due to volumes interior to the sample unable to be intruded at low pressure due to the 
necessity of intruding smaller throats en route to a larger-diameter interior pore.  One method of 
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compensating for this error is to intrude to a certain pressure, record volume intruded, and then 
decrease pressure to some intermediate value, which will cause extrusion from the narrow throats 
but not the interior wider pores.  This allows deconvolution of interior pore volume from throat 
volume
131
.  For a percolating network, minimal extrusion should occur until the pressure is fully 
decreased, but experimental evidence illustrates some mercury remains intruded even at a return 
to the filling pressure. 
It is also reasonable to use a full intrusion to maximum pressure and then incrementally 
decrease and raise pressure to isolate intrusion of certain sizes of pores, by assuming that all 
other pores either do not drain or will never be filled at this pressure
132
.  The presence of 
irreversibly filled pores casts doubt on the accuracy of this method as well
133
, because once one 
break occurs at a tight neck, any appropriately sized pores behind the neck do not drain, and the 
subsequent intrusion underreports pores of that size by a value different than the amount 
irreversibly filled.  Certain models
134,135
 have attempted to account for these issues for various 
types of materials, in the hope of more accurately approximating pore size distribution.   
 
5.3. Gas Adsorption Considerations for Geopolymers 
Geopolymer mesoporosity makes gas adsorption an essential tool for the microstructural 
and nanostructural analysis of geopolymers, as it is for many ceramics.  However, because 
geopolymerization reactions and curing occur at ambient or near-ambient temperatures, accurate 
measurement of the gas adsorption isotherm is quite difficult.  Although geopolymer water can 
be removed prior to sample analysis, doing so requires heating and vacuum conditions that are 
more extreme than any environment to which the geopolymer was previously exposed.  As a 
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consequence, several additional considerations beyond simple dryness of the ceramic are 
necessary to garner useful results from the technique. 
Both the theoretical groundwork and many practical considerations for gas adsorption 
measurements are well understood and summarized elsewhere
136
.  In most cases, the information 
acquired through gas adsorption, including specific surface area, mesoporosity and 
microporosity, cannot be easily acquired using other methods.  Unfortunately, as seen in Figure 
5.1, previous gas adsorption results for geopolymer have been ambiguous.  This investigation 
seeks to evaluate how the typical gas adsorption techniques used are inadequate for geopolymers 
and to identify alternatives. 
Common sources of experimental error in gas adsorption include surface alterations 
caused by the removal of adsorbed gasses or sintering, or structural changes to the sample due to 
the vacuum or temperature conditions.  Typical artifacts of the experimental process may include 
free space and measurement errors due to gasses evolving from the sample, false equilibria due 
to long nitrogen diffusion times, or the inconsistency between model and real pore systems.  
Unfortunately, the only practical way of accounting for these errors in a sample as complex as a 
mesoporous geopolymer is through variance of sample preparation and experimental parameters.  
This document analyzes the effect of varying these parameters and shows that expected 
properties are only observed if correct experimental parameters are chosen. 
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Figure 5.1.  Porosity measurements of sodium silicate-metakaolin geopolymer as 
reported by Metroke
14
 and Kriven
55
.  Despite similar processing and composition, 
reported gas adsorption results are qualitatively different. 
 
5.3.1. Gas Adsorption Experimental Procedures 
(1) Synthesis 
Geopolymers were synthesized from as-received metakaolin (MetaMax HRM, 3.6 µm 
median particle size
117
, BASF Corp., Florham Park, NJ) and sodium silicate solution.  Sodium 
silicate solution (waterglass) was prepared as follows:  160.0 g sodium hydroxide (Sigma-
Aldrich Co., LLC, St. Louis, MO) was added to 360.0 g DI water in a stainless steel container 
and stirred using a polytetrafluoroethane (PTFE) stir bar with a magnetic stir plate until fully 
dissolved.  The container was then sealed with plastic film, and the temperature of the stir plate 
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was set to approximately 45 ºC.  A total of 240.0 g fumed silica (Cab-o-sil LM-150D, Cabot 
Corp., Boston, MA) was then added in small batches of approximately 10 g, each time allowing 
for complete or almost complete dissolution of the silica before adding the next batch, with the 
container remaining sealed when not adding silica.  After all the silica was added, the container 
was resealed and the contents were allowed to stir at elevated temperature (≈45 ºC) for 24 hours.  
After 24 hours, the solution of sodium silicate was poured into a polyethylene container, and 
allowed to equilibrate sealed at ambient conditions for at least two weeks. 
Samples were then synthesized in accordance with previous work
41
 with 11.1 g 
metakaolin and 19.0 g (Formulation A, see appendix) or 18.5 g (Formulation B) waterglass, 
producing a nominal Na2O•Al2O3•4(SiO2)•11(H2O) Formulation (precise ratio for A 
1.06•1•4.23•11.58, and for B 1.03•1•4.17•11.28 when impurities in the metakaolin are 
considered) and mixed in a planetary centrifugal mixer (ARE-250, Thinky Corp., Tokyo) at 1000 
rpm for 180 seconds, with a 60 second debubbling at 1200 rpm. 
Samples were cured in sealed PTFE or polyoxymethylene (POM) containers for the times 
specified, and held at temperatures specified until cured.  Samples were ground into powder with 
an alumina mortar and pestle, and passed through a 44 µm mesh. 
 
(2) Gas Adsorption Characterization-Instrument 
Gas physisorption tests were conducted using ultra-high pressure (UHP) N2 and H2 and a 
commercial instrument (ASAP 2020, Micromeritics Instrument Corp., Norcross, GA).  Free 
space analysis was conducted using UHP He immediately prior to each analysis.  
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(3) Gas Adsorption Characterization-Degassing 
Prior to analysis, samples were degassed within the instrument’s degasing system.  All 
degasing was conducted at an evacuation rate of 670 Pa/s, with an unrestricted evacuation 
beginning when a pressure of 670 Pa was reached.  During this evacuation, the temperature was 
increased to 90 °C or the target degassing temperature, whichever was less.  When the chamber 
pressure of 1.3 Pa was reached, the temperature was, if necessary, further increased to the 
specified target temperature.  Degassing was then conducted for 24 hours or longer at the target 
temperature, which was 200 °C for all experiments unless specified otherwise. 
 
(4) Gas Adsorption Characterization-Experimental 
Each nitrogen analysis consisted of a complete adsorption curve measurement between 
relative pressures 0.001 ± 0.0005 and 0.995 ± 0.007 P/P0 (or to saturation, as specified), with an 
immediate desorption curve down to 0.05 ± 0.0025.  The equilibration interval used was defined 
as the minimum time over which a 0.01% pressure change can be observed before a data point 
would be recorded, and this pressure change was evaluated using an 11-point Savitzky-Golay 
method
137
.  Hydrogen analysis consisted of a complete adsorption-desorption curve between 16 
± 0.8 Pa and 93.3 ± 0.67 kPa using the same equilibration settings. 
 
(5) Gas Adsorption Characterization-Analysis 
BET surface area analysis
126
 and non-local density functional theory (NLDFT)  pore size 
distribution analysis were conducted using commercial software (MicroActive, Micromeritics 
Instrument Corp., Norcross, GA).  BJH
127
 adsorption and desorption pore size distribution results 
were compared for the purposes of tortuosity analysis.  Langmuir
138
 analysis was used for 
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hydrogen adsorption as no saturation pressure exists at 77 K for hydrogen.  While a variety of 
other models exist, these are some of the most commonly used tools for mesoporous samples and 
are thus appropriate for comparison. 
BET analysis was conducted using a 9-point fit of evenly spaced pressures between 0.075 
and 0.275 P/P0, inclusive.  NLDFT pore size distribution analysis was conducted over the range 
0.001 to 0.9 P/P0, inclusive, using the Jaroniec cylindrical model
139
 for zeolites and silica.  This 
range corresponds to pores of sizes 1.3 nm to 25 nm.  Fitting was conducted using ridge 
regression, with a regularization number
140
 rr of 0.0316.  The regularization and fit is achieved by 
finding the pore distribution vector   ̅minimizing the residual in Equation 5.1, where qe is a 
vector of the experimental isotherm as a function of relative pressure P/P0 and Qm is a matrix of 
model isotherms of individual pores of various sizes, each described as a function of relative 
pressure. 
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BJH adsorption and desorption isotherms can provide a meaningful picture of tortuosity 
as a function of relative pressure and as an approximate function of pore size. 
 
5.3.2. Gas Adsorption Results for Unmodified Geopolymers 
As a rule, the investigation observed approximately the same amount of nitrogen 
adsorption onto metakaolin geopolymers as had previously been reported in the literature
14
 when 
an identical 200 °C degas treatment was used.  All of the nitrogen isotherms were type IV, which 
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is consistent with geopolymer mesoporosity observed throughout the literature.  The 
investigation revealed that several processing parameters have an outsized effect on the 
adsorption and desorption isotherms.  Artifacts related to the adsorption process, including prior 
degassing, appeared to be meaningful but predictably systematic as long as reasonable 
preparation conditions were used.  Most notably, degassing at temperatures at or only slightly 
above the curing temperature resulted in a geopolymer with significantly increased surface area 
versus the same geopolymer degassed at 200 °C, and this significantly increased surface area 
resembles that of fly ash geopolymers
14
, suggesting that the nanostructures of the two materials 
may be more alike than had been previously believed. 
 
(1) Effects of Equilibrium Time 
Results of a nitrogen adsorption test with 5 s, 20 s and 60 s equilibrium times on a typical 
geopolymer illustrate minimal differences in the resulting isotherms, as shown in Figure 5.2(a).  
A qualitative difference in isotherms between the powder samples and a bulk monolithic sample 
of the same material (also with 60 s equilibration time) illustrates the practical necessity of using 
powder for tests of reasonable length.  As seen in the close-up of the isotherm (Figure 5.2(b)), at 
higher relative pressures the total adsorption measured increases with decreased equilibrium 
pressure rate.  The qualitative and quantitative similarity between the 20 s and 60 s desorption 
curves suggest minimal accuracy gains from increasing the equilibrium time further. 
Table 5.1 illustrates the total nitrogen adsorption and desorption at pressures P/P0 = 0.3, 
0.95 and 0.99 for these various tests, as well as the data collection time of the test.  Balancing 
experimental accuracy with equipment availability was challenging, but this evidence suggests 
that a 5 s equilibration time was reasonable for this investigation.  Only at pressures near 
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saturation was the deviation between the powder samples considerable.  However, the high 
tortuosity of geopolymers makes a long equilibrium time mandatory for bulk samples.  Note that 
the bulk sample was run to saturation rather than P/P0 = 0.995.  Although a considerable portion 
of the observed hysteresis is evidently an artifact of the time required for the adsorbent to reach 
equilibrium, the hysteresis provides valuable information on the pore tortuosity. 
Table 5.2 illustrates that for BET specific surface area measurement, the powder sample 
results are approximately independent of equilibrium time.  This is unsurprising because the BET 
method uses adsorption relative pressures up to approximately 0.3 P/P0.  The negative C value 
observed for the bulk sample indicates an extremely unreliable analysis as it implies a negative 
free energy of adsorption
136
. 
 
Table 5.1.  Adsorption/desorption Data of a 25 °C Formulation A Geopolymer 
Measured with Various Equilibrium Times 
Equilibrium 
Time (s) 
Quantity of Nitrogen Adsorbed (cm
3
 STP/g) Data Collection 
Time (h:mm) P/P0 = 0.3 P/P0 = 0.95 P/P0 = 0.99 
60 (bulk 
sample) 
0.27 0.81 5.0 7:29 
Desorption 0.20 2.4 15.6 6:14 
5 (powder) 2.7 11.6 23.5 1:34 
Desorption 2.7 15.1 25.1 0:55 
20 (powder) 2.6 11.9 27.3 3:22 
Desorption 2.6 14.3 27.8 2:15 
60 (powder) 2.6 12.3 29.2 7:25 
Desorption 2.6 14.4 29.2 5:04 
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Figure 5.2.  Nitrogen isotherm of a 25 °C Formulation A geopolymer, as recorded with 
various equilibration times (0.01% / time).  All of the powder samples produced 
roughly the same isotherm (a), but deviation is visible at the highest relative pressures 
(b). 
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Table 5.2.  Specific Surface Area of a 25 °C Formulation A geopolymer Measured 
with Various Equilibrium Times 
Equilibrium Time 
(s) 
BET Specific 
Surface Area 
(m
2
/g) 
BET C-value BET Correlation 
60 (bulk sample) 0.85 ± 0.02 -306 0.9975 
5 (powder) 8.58 ± 0.05 64.5 0.9999 
20 (powder) 8.38 ± 0.05 77.3 0.9999 
60 (powder) 8.42 ± 0.05 72.4 0.9999 
 
(2) Effects of Degas Temperature 
Figure 5.3 illustrates the effects of degassing to various temperatures on the adsorption-
desorption isotherm.  It is not clear that there exists an optimum degassing temperature for this 
material.  However, the isotherms in Figure 5.3 illustrate a substantial difference between the 50 
°C degas and the results from higher temperatures. 
These samples were degassed using Transeal (Micromeritics Instrument Corp., Norcross, 
GA)  sample holder stopper technology to maintain an airtight seal during transfer to the analysis 
port, which should prevent stray gasses or humidity from even minutely affecting the results.  
These samples were also run to equilibrium to identify contributions from all pores.  The effect 
of the Transeal on the adsorption curve can be observed by comparing the 5 s equilibrium time 
results in the Effects of Equilibrium Time section above with the 200 °C results here.  Table 5.3 
shows the specific surface area results.  It is important to note that not only the specific surface 
area but also the C coefficient is highest for the 50 °C degas sample.  The C coefficient is a 
measure of the strength of gas-solid interaction versus gas-gas interaction, and its large value is 
consistent with the preservation of polar hydroxyl groups that may be removed in the degassing 
process
136,141,142
.  It is also possible that these structural changes occur due to further 
polycondensation at incompletely reacted sites, which would also reduce the number of hydroxyl 
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groups.  A water adsorption experiment would further alter the pore morphology with capillary 
forces as water reenters pores, but might still have value in helping to identify error sources. 
 
 
 
Figure 5.3.  Nitrogen isotherm of a 25 °C Formulation A geopolymer after exposure to 
various target pressures during degassing.  A change in the morphology of the 
geopolymer upon heating to 100 °C is evident. 
 
Table 5.3.  Specific surface area data of a 25 °C Formulation A geopolymer after 
exposure to various target pressures during degassing. 
Degassing 
Temperature (1 day)  
°C 
BET Specific 
Surface Area 
(m
2
/g) 
BET C-value BET Correlation 
50 10.09 ± 0.08 153 0.9998 
100 8.95 ± 0.07 103 0.9998 
150 8.87 ± 0.04 58.6 0.9999 
200 9.35 ± 0.05 72.1 0.9999 
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It appears that a degas temperature greatly exceeding that of the sample curing 
temperature causes structural changes that meaningfully reduce the surface area and quantity of 
gas adsorbed.  While degasing at room temperature is unreasonable due to practical concerns, it 
appears that a degas temperature less than 100 ºC may provide a clearer picture of the total 
surface area and gas adsorption.  Examinations of the pore size distribution using NLDFT and 
adsorption BJH did not identify a particular set of pores that were being eliminated, but rather 
suggested decreased porosity at most pore sizes greater than about 8 nm.  Similar results are 
shown in Figure 5.4, which demonstrates that the same effect occurs even for geopolymers cured 
at elevated temperatures. 
 
(3) Curing Temperature Considerations 
Figures 5.5(a) and 5.5(b) illustrate that compositional and curing temperature changes in 
the geopolymer synthesis create variation considerably larger than the above artifact-driven 
changes.  In particular, curing temperature changes had a substantially greater effect than the 
composition change tested.  Each temperature tested had a different characteristic isotherm, and 
the general features of this isotherm are consistent between both compositions. 
This is reflected in the pore size distributions shown in Figure 5.6, and the specific 
surface area data in Table 5.4.  Importantly, all six samples illustrate substantial similarities, 
including a maximum pore volume in the vicinity of 16 nm, and other clear maxima at 
approximately 8, 10 and 12 nm.  These maxima may relate to additional nitrogen layers 
forming
143
 or could potentially indicate a characteristic precipitate size. 
The higher surface area for elevated-temperature cured geopolymers, and for the lower-
silica Formulation B geopolymers, may represent increased zeolitic character in both cases.  
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With degassing at curing temperature, the temperature effect is even more readily visible, as seen 
in Figure 5.3. This would be reflective of the nanocrystal zeolites attributed to geopolymers in 
the literature, which include zeolite A, Na-X and sodalite
1,51
.  All of these zeolites have Si:Al 
ratios considerably less than 2, and would be more likely to exist in silicon-depleted geopolymer.  
It is already well established that sufficient curing temperature can create a substantially zeolitic 
sodium geopolymer structure
8
. 
 
 
 
Figure 5.4.  Nitrogen isotherms of 50 °C and 75 °C Formulation A geopolymers degassed 
either at their curing temperature or at 200 °C.  Decreased adsorption with higher degas 
temperature is apparent.  Only without the degassing at 200 °C is it possible to discern 
much greater adsorption for the 75 °C geopolymer than the 50 °C geopolymer. 
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Figure 5.5.  Nitrogen isotherms of Formulations A and B geopolymers cured at various 
temperatures (a), (b).  Isotherm shape and degree of hysteresis appears to depend more on 
curing temperature than on Si:Al ratio. 
 
 
 
Figure 5.6.  Non-local density functional theory pore size distribution results of Formulations A 
and B geopolymers cured at various temperatures (a), (b).  All six samples illustrate a 
qualitatively similar distribution. 
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(4) Notes on Hydrogen Physisorption 
A hydrogen physisorption experiment was conducted on a 25 °C Formulation A 
geopolymer to evaluate its applicability to the geopolymer system.  The geopolymer hydrogen 
isotherm proved to be a Type I, as seen in Figure 5.7, as the much weaker gas-gas interaction 
results in a lack of multilayers.  Thus, Langmuir specific surface area should be a reasonable 
approximation, but the surface area measured by this method was substantially less than that 
measured using nitrogen.  Instead, the Langmuir specific surface area resembled that which 
would be measured with a nitrogen test at very low pressures (P/P0 ≈ 0.001 or less) which is 
consistent with the premise that the saturation pressure of hydrogen, if it existed at 77K, would 
be very high.  More investigation is necessary to determine to what extent the hydrogen isotherm 
can substitute for time-consuming nitrogen micropore adsorption experiments at very low P/P0 
values. 
 
Table 5.4.  Specific Surface Area Results as a Function of Composition and 
Curing 
Geopolymer 
BET Specific 
Surface Area 
(m
2
/g) 
BET C-value BET Correlation 
A, 25 °C 8.58 ± 0.05 64.5 0.9999 
A, 50 °C 13.77 ± 0.06 39.5 0.9999 
A, 75 °C 13.97 ± 0.11 184 0.9998 
B, 25 °C 11.14 ± 0.08 203 0.9998 
B, 50 °C 19.38 ± 0.13 174 0.9998 
B, 75 °C 14.61 ± 0.10 151 0.9999 
 
5.3.3. Summary of Results 
Nitrogen adsorption provides useful, repeatable data for both specific surface area and 
pore size distribution of geopolymers, and 0.01% / 5 s equilibration interval was found to be 
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sufficient for most characterization purposes.  It was identified that even typical degas 
temperatures of 100 °C or higher meaningfully reduce the observed gas adsorption and specific 
surface area of a geopolymer sample and mask the important positive relationship between 
geopolymer curing temperature and specific surface area.  This result and the observed positive 
relationship between metakaolin:waterglass ratio and specific surface area imply increased 
zeolitic character of metakaolin geopolymers under these conditions, and is consistent with 
known theory.  Hydrogen physisorption was proposed as a possible alternative to low-pressure 
nitrogen micropore analysis, but more work is required to develop this possibility. 
 
 
 
Figure 5.7.  A comparison between hydrogen physisorption (a) and nitrogen micropore 
physisorption (b) isotherms for a 25 °C Formulation A geopolymer.  The plots clearly 
resemble each other, but the nitrogen isotherm shows an artifact of trace helium residue 
from the free space measurement
136
 because the pressures involved in the experiment 
are so small. 
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5.4. Proposed Kinetic Modification to Mercury Intrusion Methods 
In theory, it would be possible to determine accurately a pore size distribution through 
the kinetics of intrusion, given a sufficiently accurate apparatus and a sample of sufficient size.  
It does not appear that such a mechanism has been considered elsewhere, possibly for technical 
reasons, but this section considers that possibility.   
 
5.4.1. Proposed Kinetic MIP Theory 
To correctly interpret kinetic results, several data are required.  First, the head-dependent 
and channel-diameter dependent volumetric flow rate for mercury in the sample must be known.  
Appropriate values have already been described from Poisoulle-Darvy flow analysis and the 
results are described in Equations 5.2 and 5.3
133
, where average velocity  ̅ over a distance L is in 
m/s, the diameter D and length L are in m, with a fluid pressure P in Pa. 
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To determine Leff=Lτ, a measure of the tortuosity τ is required, to determine the ratio of 
the length of the side of the sample to the length of the intrusion paths through the sample.  This 
has been investigated intensively
144
 although not for geopolymers.  For a cylindrical pore 
network, τ is a function only of accessible pore proportion φ(D) (Equation 5.4). 
 ( )                         (5.4) 
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In addition, a correction exists
144
 for arbitrary pore shapes, requiring the diffusivity of the 
sample as a function of pore size and the specific surface area. 
Using this velocity, the logic of the kinetic-based calculation is straightforward.  As seen 
in Equation 5.2, the smaller the pore diameter, the slower intrusion would take place.  For 
simplicity, this section will utilize a theoretical geometry consisting of an open pore network in a 
cubic monolithic solid of side length s, sealed from mercury intrusion on five of its six sides.  
Thus, there is a percolating network extending from a single surface plane. 
The Washburn equation ensures that pores smaller than a certain diameter Dw 
(corresponding to the pressure chosen for the test, and the contact angle of the material with 
mercury) will never be intruded.  Thus, there is a maximum intrusion time tf that relates both to 
the pressure and the size of the sample, and relates to the volume of mercury reaching the 
opposite side of the cube following a path using only the smallest possible pores Dw, (with 
measurement imprecision, this measured volume describes the interior pores of some size range 
[Dw, Dw + ε], with the range determined by the interval of recorded data points).  In practice, the 
intrusion time should always be shorter than that time, because the mercury will pass through 
wider regions and progress through the cube faster.  Thus, the last measurement recorded will be 
a measurement representing use of only the smallest pores at the ‘deepest’ part of the sample 
(that is, the portion of the sample farthest from the porous surface).  Thus, the volume of the 
smallest pores is Equation 5.5. 
          
  
  
|
      
      (5.5) 
 
This value can be solved as a function of the time-domain data using Equation 5.3 if Leff 
is known.  For an unintruded sample, Leff would be simply the product τs, in keeping with the 
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cube defined above.  For an intruded sample, there is already mercury scattered through the 
entirety of the sample, so use of this method is more difficult. 
However, with extrusion and a second intrusion, the ratio of throat volume to inkpot 
volume over this size range becomes known if appropriate intruding and extruding contact 
angles are used
130
.  Thus, the volume measured has been divided into not two, but three types of 
pores:  throat pores of size range [Dw, Dw + ε], inkpot pores of size larger than Dw + ε, and 
interior pores of size range [Dw, Dw + ε].  This measurement could be repeated with new intruded 
samples and different initial pressures, or one might assume that the observed ratio of throat 
pores to interior pores of the same size is reasonably constant over the whole range of pore sizes, 
in which case a full pore distribution can be achieved with the cycling MIP technique
131
 and 
appropriate addition of the throat and interior pores of each measured range. 
This assumption is more complicated, but it also seems more reasonable than the typical 
assumption that is made.  That assumption is that the sizes of inkpot pores for a given Dw possess 
the same distribution as the throat pores larger than Dw, and that assumption lays the groundwork 
for typical cycling MIP calculations.  This method is thus proposed as a refinement to such 
calculations. 
 
5.4.2. Caveat 
  The major limitation to pore size measurement on the scale of micrometers and smaller 
is the complexity of the required equipment.  Testing of this kinetic MIP method was not 
possible for this investigation due to lack of continuous data collection in the Autopore II 9220 
(Micromeritics Instrument Corp., Norcross, GA) porosimeter available, but more modern 
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porosimeters should be able to utilize it.  It also was not possible to conduct the great variety of 
experiments required to verify this method elsewhere for funding and logistical reasons. 
 
5.5. Augmentation of Cycling Intrusion-Extrusion Mercury Intrusion Porosimetry for 
Percolating Network Solids 
The pressurization-depressurization cycling
131
 mercury intrusion porosimetry system 
(PDC-MIP) is one of a vast number of modern efforts relating mercury intrusion porosimetry 
(MIP) results to pore size distribution (PSD).  It was recognized long ago
145,146,147,148
 that the 
Washburn equation
129
 for capillary flow within parallel tubes is inadequate for pore size 
distribution analysis of MIP intrusion curves
133
.  Errors occur due to hysteresis effects, which 
have been addressed several different ways, but no way has been altogether satisfactory.  
Hysteresis occurs as a result of several factors, including interior cavities (inkpots), surface 
roughness, network effects and draining energy issues
133
.   
PDC-MIP is particularly appropriate for accounting for hysteresis due to inkpots, but 
does not consider these convoluting factors in its calculations, instead assigning them to typical 
contact angle hysteresis
131
.   This is probably appropriate for non-highly porous networks, but is 
problematic for higher porosities that lead to a percolating network.  This document shows that, 
for percolating networks, the pore size distribution results from the PDC-MIP method are 
extremely sensitive to the choice of receding contact angle.  It addresses that issue by presenting 
a modification to the PDC-MIP method derived from percolation theory. 
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5.5.1. PDC-MIP Background 
A percolating network, defined as one in which flow can occur through an infinite 
volume
112
, typically produces intrusion curves with minimal initial intrusion followed by a 
critical pressure P(Φcrit) at which intrusion occurs (Region III in Figure 5.8).  The shape of the 
curve (Region II in Figure 5.8) prior to that value depends not on the pore size distribution but 
instead on the ratio of sample size to the critical pore size
116
.  Effectively, local areas which have 
both abnormally high porosity and are near the sample surface are intruding, and this intrusion is 
measured by the porosimeter. 
 
 
 
Figure 5.8.  A first intrusion curve of a percolating solid (AF6).  Indicated are the four 
major portions of the curve:  Pre-intrusion region (I), pre-critical region (II), critical 
region (III) and intruded region (IV). 
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Accordingly, for an infinitely sized sample, percolation only occurs when accessible 
porosity exceeds some proportion Φcrit.  In a mercury intrusion porosimeter, no intrusion should 
occur until a pressure P(Φcrit) corresponding to a pore size smaller than the diameter of pores 
with total volume at least Φcrit.  Accordingly, in Figure 5.8, Region II should not exist, and 
Region III should be infinitely narrow.  In cementitious materials, Φcrit is approximately 18 
vol%
113, implying coordination number Z of approximately 8.3, as in general Φcrit*Z≈1.5 is a 
geometric result
112
.  This is substantially similar to the 16% typically seen in simulations of 
percolating networks formed by non-overlapping particles
149
.  When PDC-MIP is applied to a 
percolating network, it applies the vast majority of this entire 16-18% observed porosity prior to 
Φcrit to the diameter ranges comprising Region II, which exists only because of the finite sample 
size.  This network effect makes the PDC-MIP results difficult to interpret for percolating 
networks, because the amount of mercury that extrudes in the depressurization step is wholly 
dependent on the choice of depressurization pressure at each incremental step. 
To determine the depressurization pressure as a function of the current intrusion pressure, 
the PDC-MIP method relies on knowledge of both advancing and receding contact angles
131
.  As 
the receding contact angle Θext is smaller than the advancing contact angle Θint, the 
depressurization portion of the cycle reduces the pressure by a constant proportion 
cos(Θext)/cos(Θint) for each data point, and in doing so implies that the incremental intrusion 
experienced during the first intrusion should all drain.  Any volume that does not drain is 
assumed to have entered larger internal cavities that cannot drain until lower pressures, i.e. 
inkpot structures.  By making the simplifying assumption that the observed inkpot volume can be 
distributed into large pores in proportion to the current pore size distribution, it is possible to 
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generate an entire distribution which will have necessarily larger pores than the first intrusion 
distribution. 
 
5.5.2. PDC-MIP Modification Theory 
The modification examined in this document derives straightforwardly from known 
theory.  From Cassie-Baxter
150
, we have the widely cited apparent contact angle for a liquid 
resting on a heterogeneous surface consisting of a portion φ of solid material and the remainder 
air (or vacuum), with a roughness parameter
151
 k corresponding to the equilibrium areal ratio 
between a flat surface and the total surface contacted (Equation 5.6). 
                         (   ) (5.6) 
 
Combining Young’s equation152 for contact angle (Equation 5.7) with Washburn’s 
parallel cylindrical tube model
129
 provides the well-known result (Equation 5.8) 
                      (5.7) 
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Cassie-Baxter’s widely used approximation fails for extrusion due to an assortment of 
pinning effects
153, 154, 155
 which result in contact angle hysteresis (CAH, the difference between 
intruding and extruding contact angles).  The most typical method to estimate CAH is to 
compare the extrusion curve and the second intrusion curve and assign a receding contact angle 
such that the curves overlap
148,156
.  
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However, the choice of receding contact angle is crucial to the PDC-MIP method as it 
effectively determines the proportion of throats to inkpots.  From Equation 5.6, however, we 
observe that the ratio cos(Θext)/cos(Θint) might vary as the total amount of porosity observed 
changes.  Unfortunately, this might mean that the appropriate ratio could change during the 
PDC-MIP experiment as with increasing pressure unintruded volume will decrease. 
For an interconnecting or percolating network, one can generalize the pore structure as 
the scheme in Figure 5.9.  It is convenient to assume, therefore, that every pore has roughly the 
same morphology and that therefore the cross-sectional area that a pore encounters as it opens 
into another is roughly proportional to its volume.  Then, with only previous knowledge of total 
porosity, it is possible to approximate the void space that an incremental addition of mercury 
encounters at its triple-phase contact line (TCL) as unfilled porosity/unfilled space.  Thus, the 
apparent advancing contact angle changes and converges on the equilibrium angle for the smooth 
solid as intrusion is completed. 
Unfortunately, this method cannot work during extrusion as the entirety of the intruded 
volume must be considered rather than the differential area comprising the TCL.  For a 
percolating, highly interpenetrating network, the pore volume can be divided into two 
straightforward categories.  If Φ is the proportion of solid material in the sample in analogy to 
the area proportion φ described above, it is useful to define ß(P) as the pore portion empty and 
α(P)=(1-ß-Φ) as the pore portion full. 
  During the extrusion process, wherever there are interconnecting pores, two new bare 
mercury surfaces must be created to separate the mercury flow out of them.  However, in each 
such case, two different pores are being emptied simultaneously.  In a percolating network, one 
can approximate that this process happens with every pore not already drained.  The likelihood 
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of encountering an area of full pores is α, but it is necessary to have two such areas coincident.  
By approximating the existence of these areas as two separate events, the probability of it 
occurring is ≈α2.   
 
 
 
Figure 5.9.  A sketch of a portion of a complex, interconnected pore network.  During the 
depressurization step, some pores may be able to drain via two or more exits at once.  To 
do so, a gap in the mercury must somehow be created, which requires the creation of two 
mercury-vacuum interfaces. 
 
Thus Equation 5.9a, and trivially simplified 5.9b, is formed by modifying Equation 5.8b 
to account for this extrusion energy cost.  This is the extrusion pressure-pore size relation, 
describing the pressure Pext to which one must extrude to empty a pore of radius r.  Equation 
5.10, the intrusion pressure-pore size relation, utilizes Cassie-Baxter’s method (Equation 5.8b, 
weighted by 1/(1-α) to account for already-intruded volume), and Pint is always a larger pressure 
than is Pext, as expected. 
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This pair of equations creates a system in which virtually no extrusion should be possible 
at low pressures where α is small, and extrusion should occur only until ≈ Φcrit after P(Φcrit) when 
α is large.  This is exactly the same regime as should occur with the choice of an appropriate 
receding contact angle for the existing PDC-MIP method.  Thus, this arithmetic would be 
expected to augment existing PDC-MIP method for percolating solids because it should a 
provide a qualitatively identical and quantitatively similar result as one would acquire using an 
appropriate receding contact angle with PDC-MIP, and does so without outside measurement of 
this receding contact angle. 
 
5.5.3. PDC-MIP Modification Experiment 
(1) Materials Evaluated 
For evaluation of this methodology, it was necessary to use a simple, well understood 
product as a standard rather than a true cementitious material.  Accordingly samples were taken 
from an AF6 alumina filter (Refractron Technologies Corp., Newark, NJ) with known 
specifications (Table 5.5).  These monoliths were cut into cubes of side length 6.3 mm using a 
diamond edge wafer blade, and placed in a drying oven at 100 °C until dry. 
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Table 5.5.  Alumina AF6 Filter Data
157
 
Open Porosity 42.9% 
Maximum Pore Size  25.6 µm 
Mean Pore Size 6.77 µm 
 
(2) Mercury Intrusion Porosimetry 
Mercury intrusion porosimetry data were taken using an Autopore II 9220 (Micromeritics 
Instrument Corp., Norcross, GA) porosimeter, and quadruple-distilled mercury (Bethlehem 
Apparatus, Hellertown, PA).  AF6 cube samples were placed in 3cc sample holders and were 
evacuated for 5 min at 6.7 Pa immediately prior to filling at 3.5 kPa.  It was found that an 
equilibrium rate of 0.001 µL/s resulted in incomplete equilibration, so a minimum of 5 minutes 
equilibration per step was used as an additional constraint.  All data points used were averages of 
two or three experiments. 
 
(3) Pore Image Analysis 
Scanning electron microscopy SEM was used to obtain an independent measurement of 
the pore size distribution.  AF6 rectangular prisms were mounted in epoxide, and the mounts 
were then vacuum-intruded with epoxide to enhance contrast.  The samples were smoothed to a 
flat surface with a diamond-colloid polisher-grinder, Au-Pd sputter-coated to a thickness of 5 
nm, and imaged at 25 kV using backscattered electron data (JSM-6060LV, JEOL USA, Inc., 
Peabody, MA).  Ten 1280x960 pixel micrographs at magnification corresponding to 0.1 
µm/pixel (1kx) were taken from random portions of the sample, and an additional five were 
taken at magnification corresponding to 0.4 µm/pixel (250x).  Regular images with secondary 
electron detection were compared, and it was visually verified that the contrast observed in the 
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backscattered electron micrographs corresponded to the presence or absence of surface pores.  
Between image captures the stage was rotated to mitigate anisotropic microstructural effects. 
Images were analyzed with a process depicted in Figure 5.10.  The backscattered images 
were reduced to binary ‘cow’ images using the default threshold of ImageJ 1.46r (National 
Institutes of Health, Bethesda, MA) after a 0.5 µm Gaussian blur was applied.  From each 1kx 
‘cow’ image six 1280 pixel lines were randomly selected.  Two each were selected from the top 
fifth, middle fifth and bottom fifth of the image to limit correlation effects.  From each 250x 
image twelve lines were likewise used, three each from the top seventh, third seventh, fifth 
seventh and bottom seventh.  Along each selected line, a pixel-counting algorithm estimated pore 
volume as a function of measured length by recording the distance between the start and end of 
each pore, considering that distance the pore length, and using a cylinder approximation with a 
circular cross section having an area equal to π/4 multiplied by the weighted areal average (that 
is, the second moment) of the recorded data.  A spherical approximation, using the measured 
length as pore diameter, was also considered for comparison.  The cumulative porosity was 
normalized to a maximum of the ratio of pore image area to total image area. 
 
5.5.4. Results and Discussion 
A first intrusion curve, PDC-MIP results for a variety of a variety of different Θext values 
and results using modified pressure-pore size relation derived in this document are presented in 
Figure 5.9.  The value used for Θint was 140°, as is typical for alumina standards
158,159
, and was 
also the value used for Θsolid for the modified relation sample.   
It can be seen that the PDC-MIP results vary drastically depending on what receding 
contact angle is chosen.  The modified relation result is intermediate between the various PDC-
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MIP results, and it effectively assigns the critical percolation volume (16-18 %) to early data 
points, while the various PDC-MIP results vary drastically in this region according to the 
receding contact angle.  In this manner, it organically derives the appropriate amount of 
depressurization for a useful result.  Thus, the modified technique’s results in Figure 5.11 are in 
qualitative and quantitative agreement with the expected results based upon percolation theory. 
 
 
 
Figure 5.10.  Scheme showing image-analysis process used for quantitative comparison 
of pore size distributions. 
 
It is clear that neither the PDC-MIP technique nor the modified technique produce results 
resembling the cumulative pore size distribution curve observed with microscopy.  As expected, 
the results were instead similar to a first intrusion curve due to the lack of observed throats prior 
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to the critical percolation pressure.  It is expected that for purposes requiring a completely 
accurate pore size distribution, the well-understood
160, 161
 repeated hysteresis loop method is still 
probably better than this method, but the experiment time is considerable.  This method provides 
quantitatively intermediate results with relatively few data points required. 
 
 
 
Figure 5.11.  Direct comparison of PDC-MIP (a) and image-analysis (b) results.  The PDC-MIP 
results vary dramatically with receding contact angle, and none of the curves qualitatively 
resemble the image-analysis curves.  The modified method described here produces a curve 
intermediate between the various typical PDC-MIP curves. 
 
The method was also tried using Formulation D porous geopolymers (see Chapter 7), but 
in each case it was observed that thermal effects caused by the repeated fast pressure changes 
created anomalies at high pressures.  A typical result is shown in Figure 5.12.  The total intruded 
volume drops below that of the first intrusion curve at high pressures, which is a nonphysical 
result suggestive of a nonequilibrium state. The experimental conditions heat the sample more 
vigorously, causing mercury to expand and a smaller value of porosity is measured.  There is 
currently no in-situ temperature measurement which would permit fully compensating for 
temperature changes, so the testing method was not utilized for the porous geopolymers.   
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It is also possible that this result is due to the limited ability of the MIP to maintain high 
pressure for a long period of time, as the samples were given at least 300 s to reach equilibrium 
per point. Depressurization prevented equilibrium from being achieved at high pressures, so data 
was only applicable over the range shown in Figure 5.12. 
 
 
 
Figure 5.12.  Comparison of modified PDC-MIP method and a typical first intrusion for 
a Formulation D geopolymer (GP composition 1•1•4•197, with molar ratio 1 Na2O•1.00 
C12H26•2.00 Me2Si(OEt)2).  The modified PDC-MIP curve drops below the first intrusion 
curve due to thermal effects caused by repeated pressurization and depressurization.  
Longer equilibrium times could have allowed the system to reach equilibrium, but the 
inability for the porosimeter to maintain high pressure for long periods of time made that 
test impossible. 
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CHAPTER 6 
GEOPOLYMER HYDRATION PROPERTY MODIFICATION USING 
ALKOXYSILANES 
This chapter is partially comprised of material submitted for publication
**
.   
For most long-term uses, a geopolymer must survive, at the very least, humidity changes 
and most preferably immersion and drying.  While existing composite geopolymers can do this, 
in many cases an unfilled geopolymer will experience cracking if aggressively dried or 
immersed.  This topic was thus worthy of consideration, and some qualitative and quantitative 
testing was done. 
 
6.1. Initial Experimentation 
When it was established that slurries modified by silane coupling agents indeed created a 
geopolymeric solid with significantly reduced strength (see Chapter 3), it was also determined 
that the resulting solids showed a somewhat more reliable failure mode.  This more reliable 
failure might be attributed to an organic second phase, but no large separate organic phases could 
be observed for the PAMS solids.   It was possible that another mechanism other than 
reinforcement was in place, or that reinforcement was simply occurring in phases too small for 
noticeable effects on the scanning electron micrographs reviewed.  To investigate this 
hypothesis, samples were made utilizing hydrophobic and hydrophilic coupling agents, mixtures, 
and controls. 
 
                                                 
**
 B. E. Glad and W. M. Kriven. “Geopolymer with Hydrogel Characteristics via Silane Coupling Agent 
Additives,” J. Am. Ceram. Soc., (2013), submitted. 
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6.1.1. Drying Failure Analysis 
It was found that geopolymers modified with some organics were capable of surviving 
difficult environmental conditions, including extended total immersion, drying at 95 ºC for 4 
hours and immersion to full evaporation.  It was observed that cylindrical samples (1.00 cm 
diameter, 1.00 cm height molds, Formulation B) synthesized with a mixture of MEMO and 
PAMS (1.5 wt% each) were capable of enduring any or all of these sequential treatments, and 
still possessed significant impact resistance.  Unmodified geopolymers failed in fracture during 
immersion after drying. 
It was found that the mixed silanes formulation described above observed densification 
(1.58 g/cc bulk density to 1.85 g/cc bulk density) as well as the expected mass loss (6.8 %) 
during drying at 95 ºC, while unmodified samples generally experienced a decrease in density 
despite a higher mass loss (10.3 %). 
 
6.1.2. Modification with Polymer Superabsorbents 
Sodium polyacrylate (repeat unit [-CH2-CH(COONa)-]) is a well-known superabsorbent 
material that, when crosslinked, can absorb hundreds of times its weight in water
162
.  It was 
expected that such materials would be able to trap water within the geopolymer if the 
superabsorbent formed only small separate phases.  Acrylic acid (CH2=CH-COOH) was 
expected to polymerize in geopolymeric curing conditions, while poly(acrylic acid) (PAA, repeat 
unit [-CH2-CH(COOH)-]) was expected to remain a separate phase.  Both would contain large 
proportions of the sodium acrylate conjugate base due to the high pH of geopolymer slurries. 
The addition of acrylic acid (10 wt%) to Formulation B geopolymer resulted in total 
drying of the slurry during mixing, with a resulting crumbly, presumably unreacted solid.  Lower 
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quantities of acrylic acid created a separate polymer phase which separated during mixing 
(presumably sodium polyacrylate).  Addition of PAA to samples created a solid with an organic 
secondary phase, as predicted.  Geopolymers with this additive had no improved water resistance 
versus unmodified geopolymer. 
 
6.2. Modification with Superabsorbing Alkoxysilanes 
Based on these observations and the discoveries discussed in previous chapters, it was 
reasoned that a major issue of geopolymers might be addressed through the addition of 
superabsorbing properties to the geopolymer slurry.  A major weakness of geopolymer gels 
remains in that the large amounts of water required for both curing
67
 and rheological reasons
7
 
create mesoporous structures which are sensitive to hydration and dehydration and will crack and 
fail if fillers are not adequately dispersed in the geopolymer matrix
26,163
.  A reduction of post-
curing drying shrinkage would greatly expand the applications of the geopolymer, especially in 
molded uses. 
 
6.2.1. Introduction and Justification 
No reliable method of decreasing slurry viscosity of geopolymers for a given amount of 
water content is known in the literature, despite there being evidence that the amount of water 
typically used in geopolymers is excessive.  Recent investigations show that shrinkage occurs 
when the total water in the system decreases to the point where the hydration of the alkali cations 
begins to decrease
65
, and that the majority of water used in geopolymer synthesis exists merely 
as free water in the final product.  This would be expected to have detrimental effects on 
mechanical properties. 
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It has been observed that water reducers designed for Portland cement do not impart 
increased workability or final strength when added to a geopolymer mixture.  This is 
unsurprising, as the geopolymer is seen to precipitate from monomers or short chain oligomers, 
such that there is minimal solid binder to disperse
164
.  Thus, any structural changes that could 
impart increased strength for a given workability must apply to the latter stages of precipitation. 
One method by which these structural changes can be made is through the co-
condensation of alkoxysilanes within the geopolymer precipitates.  Functionalization on the 
alkoxysilanes can alter the geopolymer network, resulting in nanostructural changes.  These 
nanostructural changes would be expected to have predictable results on the microstructure and 
properties of the material.  In particular, it is reasonable to expect that the addition of acrylic 
functionalization within the geopolymer might have long-range effects on the water transport and 
porosity, as the highly basic environment would create sodium acrylate functional groups within 
the structure.  Such groups are typically used in polymer covalent networks to produce 
superabsorbing polymers, which deform in shape or ‘swell’ to accommodate vast quantities of 
water within the covalent matrix
165
.  Without a network, the radius of hydration is severely 
limited
166
.  Solvent swelling has been observed in certain acrylate-functionalized alkoxysilanes 
networked onto a polystyrene particle, but in that case the system is obviously quite different
167
.  
In this case, the covalent network that creates the swelling volume would be supplied by the SiO4 
and AlO4‾ tetrahedra amorphous network itself.   
No previous investigation had considered the possibility of utilizing this swelling to 
accommodate the excess geopolymer water.  This investigation involves the synthesis of a 
variety of different sodium metakaolin geopolymers based on this premise, and their 
characterization. 
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6.2.2. Experimental 
(1) Synthesis 
Geopolymers were synthesized from as-received metakaolin (MetaMax HRM, 3.6 µm 
median particle size
117
, BASF Corp., Florham Park, NJ) and sodium silicate solution.  Sodium 
silicate solution (waterglass) was prepared as follows:  160.0 g sodium hydroxide (Sigma-
Aldrich Co., LLC, St. Louis, MO) was added to 360.0 g DI water in a stainless steel container 
and stirred using a polytetrafluoroethane (PTFE) stir bar with a magnetic stir plate until fully 
dissolved.  The container was then sealed with plastic film, and the temperature of the stir plate 
was set to approximately 45 ºC.  A total of 240.0 g fumed silica (Cab-o-sil, Cabot Corp., Boston, 
MA) was then added in small batches of approximately 10 g, each time allowing for complete or 
almost complete dissolution of the silica before adding the next batch, with the container 
remaining sealed when not adding silica.  After all the silica was added, the container was 
resealed and the contents were allowed to stir at the elevated temperature (≈45 ºC) for 24 hours.  
After 24 hours, the solution of sodium silicate was poured into a polyethylene container, and 
allowed to equilibrate sealed at ambient conditions for at least two weeks. 
Samples were then synthesized in accordance with previous work
41
, except with the 
addition of one or more silane coupling agents (Gelest, Inc., Morristown, PA) or other organic 
modifiers (Sigma-Aldrich Co., LLC, St. Louis, MO), each used as received.  The additives tested 
are listed in Table 6.1.  Sample compositions consisted of 11.1 g metakaolin and 19.0 g 
(Formulation A) or 18.5 g (Formulation B) waterglass, plus the prescribed quantity of coupling 
agent.  The reagents were mixed in a planetary centrifugal mixer (ARE-250, Thinky Corp., 
Tokyo) at 1000 rpm for 180 seconds, with a 60 second debubbling at 1200 rpm.  The samples 
were then cured sealed at 25 °C for at least two days, before being removed from their molds and 
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stored in plastic zipper storage bags.  For the cylindrical samples used in the drying experiment 
or in the compression tests, chamotte (Ceske Lupkove Zavody, Pecinov, Czech Republic) was 
added to the slurry to make a typical geopolymer composite.  It was used as received. 
 
Table 6.1.  List of Additives and Their Abbreviations 
Additive Abbreviation Summary of Results 
Acrylic acid AA Phase separated during 
mixing 
Methacrylic acid MAA Phase separated during 
mixing 
Methacryloxymethyltrimethoxysilane MEMO-Me Limited microstructure 
modification 
Methacryloxypropylmethyldimethoxysilane MEMO-2,1 Minimal observed 
effect 
Methacryloxypropyltrimethoxysilane  MEMO Important 
microstructure 
modification 
Phenylaminopropyltrimethoxysilane PAMS Minimal observed 
effect 
Poly(acrylic acid) PAA Phase separated during 
mixing 
 
(2) Macropore Size Distribution 
Macropore size distribution was measured using mercury intrusion porosimetry (MIP).  
MIP was conducted using both traditional intrusion and modern cycling intrusion-extrusion 
methods
131
, and experiments were conducted using purpose-built equipment (Autopore II 9220, 
Micromeritics Instrument Corp., Norcross, GA).  Samples tested were cut with a diamond-edge 
wafer blade into cubes with 1 cm sides, and were degassed to 6.7 Pa prior to mercury filling at 
3.5 kPa.  Effective contact angle was determined using intrusion in slits cut with a diamond-edge 
wafer blade, and comparing the results to slit widths measured with an optical microscope. 
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(3) Mesopore Size Distribution 
Mesopore size distribution was measured along with surface area using nitrogen 
adsorption.  Gas physisorption tests were conducted using ultra-high purity (UHP) N2 and H2 in a 
commercial, purpose-built instrument (ASAP 2020, Micromeritics Instrument Corp., Norcross, 
GA).  Prior to analysis, samples were degassed using the included degasing system.  All 
degasing was conducted at an evacuation rate of 670 Pa/s, with unrestricted evacuation 
beginning when a pressure of 670 Pa was reached.  During this evacuation, the temperature was 
increased to 90 °C.  When the chamber pressure of 1.3 Pa was reached, the temperature was 
further increased to 200 °C and the sample was degassed for 24 hours, or longer if outgassing 
was still observed.  In accordance with previous geopolymer research
168
 some noteworthy results 
were verified with samples degassed at a maximum temperature of 50 °C for the several days 
required, and the predictable small increase in adsorption was observed. 
  BET specific surface area
126
 analysis was conducted using a 9-point fit of evenly spaced 
pressures between 0.075 and 0.275 P/P0, inclusive.  Non-local density functional theory 
(NLDFT) pore size distribution analysis was conducted over the range 0.001 to 0.9 P/P0, 
inclusive, using the Jaroniec cylindrical model
139
 for zeolites and silica.  This range corresponds 
to pores of sizes 1.3 nm to 25 nm.  Fitting was conducted using ridge regression, with a 
regularization number rr of 0.0316 
140
.  The regularization and fit is achieved by finding the pore 
distribution vector   ̅that minimizes the residual (Equation 6.1), where qe is a vector of the 
experimental isotherm as a function of relative pressure P/P0 and Qm is a matrix of model 
isotherms of individual pores of various sizes, each described as a function of relative pressure. 
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For pore sizes from ≈20 nm to 100 nm, the BJH method127 of gas adsorption porosimetry 
analysis is considered to describe an approximation of the pore size distribution. 
 
(4) Chemical and Reactivity Analysis 
Analysis of the interaction between the condensed geopolymer and the coupling agent 
was conducted using X-ray diffraction (XRD) and Fourier transform infrared spectroscopy 
(FTIR) analysis.  Cu-Kα X-ray powder diffraction testing was conducted with a D5000 
diffractometer (Siemens-Bruker, Madison, WI).  Tests were conducted at 40 kV, 30 mA, a step 
size of 0.02° 2-Θ, and a measurement time of 8 seconds/step.  Diffuse reflection infrared spectra 
were taken using a Nicolet Nexus 670 spectrometer on powdered samples mixed with KBr (1:19 
wt ratio).  Powder samples for both instruments were generated by dry grinding in an alumina 
mortar and pestle, and were collected after being passed through a 44 µm mesh. 
 
(5) Microstructural Analysis 
Scanning and transmission electron microscopy (SEM, TEM) were used to investigate 
the microstructure and nanostructure of the material. SEM data were obtained on sample cross-
sections cut with a diamond-edge wafering blade, mounted in epoxide and smoothed to a flat 
surface with a diamond-colloid polisher-grinder.  The sample mount was Au-Pd sputter-coated to 
a thickness of 5 nm.  SEM Micrographs were captured at 25 kV using a typical instrument (JSM-
6060LV, JEOL USA, Inc., Peabody, MA). 
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TEM micrographs were obtained on powder samples prepared as above and placed on a 
carbon film.  Samples were imaged at room temperature using an excitation voltage of 200 kV 
and a lanthanum hexaboride filament (JEOL 2010, JEOL USA, Inc., Peabody, MA).  Care was 
taken to minimize beam exposure until immediately prior to image capture, especially for images 
of the organic phase.   
 
(6) Drying analysis and shrinkage 
Drying analysis was conducted on both geopolymers and geopolymer composites.  
Geopolymer experiments were conducted at ambient conditions and using Formulation B 
geopolymer composition samples modified with silanes as specified.  They were cured at 50 °C 
in a cylindrical mold of 1 cm height and 1 cm diameter.  Geopolymer composite experiments 
were conducted using 25 °C, 30% humidity conditions with cylindrical molds of 5 cm height and 
2.5 cm diameter.  Shrinkage was measured by the final equilibrium width of Formulation A 
geopolymers cast in 10 mm-width rectangular prism molds.  The equilibrium widths of each 
were measured by calipers (average of six measurements) in the same ambient conditions after 
more than 2 months, and compared to the original 10 mm molded width.  
Differential scanning calorimetry data were acquired at a rate of 1 °C/min from room 
temperature to 400 °C, and then immediately tested from 400 °C to 1100 °C at 5 °C/min.  The 
testing chamber used (STA 409 CD, Netzsch Group, Burlington, MA) was a continuous airflow 
chamber and the gasses used were Ultra Zero Air and UHP Helium at a 15:8 volume ratio, which 
is a typical ratio with helium used to prevent damage to the instrument. 
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(7) Compression Testing 
Compression tests were conducted on geopolymer and geopolymer samples with and 
without the addition of 0.1 mol MEMO/mol GP.  Geopolymer slurry was poured into a 
cylindrical mold of 30 cm height and 1.27 cm diameter and vibrated on a vibration table until no 
further debubbling was observed.  These samples were cured and the resulting geopolymer rods 
were cut into 2.5 cm high cylinders.  Compression tests were conducted using an Instron 5882 
load frame (Instron Corp., Norwood, MA) according to ASTM C39, except that drying shrinkage 
meaningfully altered the final diameters of the MEMO samples (see below) and in some cases 
caused eccentricity in the cylinder cross-section.  Height-width correction factors were applied 
using a cubic fit.  At least ten samples of each MEMO formulation were tested. 
 
6.2.3. Results and Discussion 
It was found that meaningful microstructural and property changes occurred as a result of 
adding MEMO to the geopolymer.  Alterations in mechanical properties, water retention 
properties and drying shrinkage all directly result from the simple addition of this silane to the 
geopolymer slurry.  It was shown that the effectiveness of the modifier on these properties 
depends on all aspects of the molecule, as none of the variations of MEMO tested caused 
substantial property modification.  The addition of the silanes reduced the reaction completion, 
but not enough to significantly reduce mechanical properties or cohesion. 
 
(1) Water Retention 
Drying under various conditions revealed that the MEMO-modified geopolymer 
possessed greatly improved water retention characteristics, whether or not chamotte was added.  
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As seen in Figure 6.1, while both the MEMO samples and controls had flux-limited drying 
(rather than having a constant-rate evaporation-limited drying period) drying of the control was 
substantially faster, where the control geopolymer lost 20 % of its theoretical water mass within 
9 hours, while the geopolymer modified with MEMO required 68 hours.  It was further observed 
that the MEMO geopolymer did not approach equilibration within 2 weeks.  The additional mass 
loss at very long times may have been due to loss of the silane itself or may suggest a higher 
equilibrium water loss.  The latter might suggest the gradual depletion of hydrated sodium ions 
as they formed sodium methacrylate groups, which would be consistent with previous 
geopolymer research
65
. 
A direct comparison of the drying of several MEMO-modified, PAMS-modified, mixed 
MEMO-PAMS-modified and unmodified Formulation B geopolymers at ambient conditions 
found that drying rate depended on the presence and concentration of MEMO, and that the 
addition of PAMS had no effect on the drying rate.  The results were observed for both as-cast 
samples and samples prepared by removal of the surface using a file, indicating that drying 
effects of MEMO occurred within the bulk of the geopolymer and were not merely a surface-
sealing effect. 
DSC-TGA data showed a delay in the onset of mass loss during heating, with control and 
0.05 mol MEMO/mol GP samples exhibiting an immediate broad exotherm beginning at room 
temperature, while 0.10 mol MEMO/mol GP delayed the exotherm until ≈62 °C.  The 0.15 mol 
MEMO/mol GP sample showed a sharp exotherm beginning at ≈69 °C.  At the boiling point of 
MEMO (≈190 °C at atmospheric pressure), a small exotherm was observed for the 0.15 mol 
MEMO/mol GP sample but not for lower additive concentrations. 
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Figure 6.1.  A comparison of mass loss rates as a function of time held at 25 °C and 30% 
relative humidity.  Formulation A geopolymers cured at 50 °C showed rapid mass loss, 
while the same geopolymer modified with MEMO dried substantially more slowly. 
 
(2) Mechanical Properties and Shrinkage 
Compression and shrinkage properties of MEMO-modified geopolymers and geopolymer 
composites were compared with controls.  As seen in Table 6.2, the effect of the MEMO additive 
on the compressive strength was minimal, but its effect on the Weibull modulus was 
considerable.  This increased modulus implied a more reliable failure, suggesting that the 
MEMO was able to reduce crack propagation or other sources of brittle failure.  Interestingly, 
MEMO additive reduced the strength benefit of the filler while the filler reduced the reliability 
benefit of the MEMO additive. 
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Table 6.2.  Compressive strengths of geopolymer with and without MEMO 
additive 
Geopolymer Formulation 
(number of samples tested) 
Strength (MPa) 
Weibull Scale Factor 
(MPa), Modulus 
A 25 °C (6) 15.5 ± 9.3 17.8, 1.80 
A 25 °C with 0.10 mol/mol 
MEMO (10) 
18.8 ± 5.3 20.8, 3.84 
A 25 °C with 25 wt% 
chamotte filler (10) 
44.6 ±21.9 51.5, 2.11 
A 25 °C with 25 wt% 
chamotte filler and 0.10 
mol/mol MEMO (11) 
41.6 ±13.7 46.9, 3.14 
 
Figure 6.2 shows the approximate drying shrinkage incurred by geopolymers as a 
function of MEMO additive.  It is clear that significant shrinkage occurred upon addition of 
sufficient amounts of additive.  The densification of the geopolymer that occurred during this 
shrinkage is even more directly related to the amount of additive.  The bulk densities observed, 
as measured using mercury pychometry, are extremely high compared to other metakaolin Na-
geopolymers described in the literature
13
, and resemble those achieved for wet metakaolin 
geopolymers cured at low temperatures
68
.   As the MEMO additive is not massive and could not 
be expected to form a particularly dense structure, these effects were attributed to changes in the 
porous geopolymer structure.  The linear shrinkage results were observed to be related non-
linearly to concentration, but the bulk density results showed a clear linear trend.  This 
discrepancy could have been caused by the anisotropy of the sample shapes used in the linear 
shrinkage tests (1x1x10 cm bars), or to the additional vacuum drying of the samples required for 
the MIP test.  Mercury intrusion found the porosity to be only minimally open, which is 
consistent with the micrographs observed.  The lack of intruded volume in the MEMO-modified 
geopolymers made meaningless the macropore size distribution observed with MIP. 
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Figure 6.2.  Linear shrinkage measurements of Formulation A geopolymers cured at 25 
°C.  After the addition of a critical amount of MEMO additive (approximately 0.06 
mol/mol), further additive causes substantial linear shrinkage.  Bulk density 
measurements using mercury intrusion porosimetry did not show such a critical change 
but instead increased smoothly with increased composition. 
 
(3) Microstructure:  Imaging and Composition 
FTIR results showed clearly the interaction of the methacrylate groups with sodium 
cations, with the COONa asymmetric stretch at 1566 cm
-1
 and the symmetric stretch at 1394 cm
-1 
 
clearly visible
169
, while the bare C=O stretch observed at 1717 cm
-1
 in MEMO
170
 was not 
observed.  It was impossible to exclude the possibility of MEMO polymerization at the carbon 
double bonds because its characteristic stretch at 1638 cm
-1
 overlaps the large, wide H2O bend 
signal in the vicinity.  Geopolymer reactivity, as measured by the Si-O-(Si, Al) stretch peak 
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movement
171
, decreased with increasing MEMO concentration, as shown in Table 6.3.  XRD 
diffraction results found substantially the same results. 
 
Table 6.3.  Reactivity data for Formulation A geopolymers 
MEMO Concentration 
(mol/mol GP) 
FTIR Si-O-(Si, Al) stretch 
peak maximum (cm
-1
) 
Approximate XRD 
amorphous hump 
maximum (°2-Θ) 
0 1008
171
 27.2 
0.05 1020 27.0 
0.10 1035 25.3 
0.15 1043 24.6 
 
SEM results revealed a dense microstructure with closed pores of µm to tens of µm in 
diameter interspersed amongst tightly bound precipitate aggregates.  Some microcracking was 
evident amongst these pores, but the overall structure was quite dense by geopolymer standards.  
A direct comparison of the microstructures of Formulation A 25 °C GP with the addition of 0.1 
mol MEMO/mol GP (Figure 6.3) showed substantially less porosity than is typical for sodium 
geopolymers alone
16,172
.  Closer images of the higher-additive compositions illustrated the 
presence of curled organic films on a scale of 100s of nm to µm (Figure 6.4).  These films were 
embedded into the bulk of the geopolymer as a separate phase and appeared to show no 
particular affinity for the pore surfaces.  This strongly suggests that their formation occurred 
prior to the complete hardening of the geopolymer gel as otherwise a bulk organic phase such as 
the observed might be expected to be excluded by the growing geopolymer.  From the images, it 
cannot be determined whether complete phase separation of the MEMO additive occurred, or 
alternatively whether the observed structures represented only the additive that was not strongly 
bound within the matrix. 
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Figure 6.3.  A scanning electron micrograph of a Formulation A geopolymer with 0.1 
mol MEMO/mol GP.  Macroporosity is sufficiently minimal that mercury intrusion 
results were not reliable. 
 
(4) Nanostructure:  Specific Surface Area, Precipitate Interaction and Organic Phase 
Gas adsorption porosimetry indicated a marked decrease in specific surface area (SSA), 
as shown in Figure 6.5.   From these data, it is clear that the extended propyl linker of MEMO 
allowed for greater nanostructural changes than did the methyl linker of MEMO-Me.  The 
network modification capabilities of the methacrylate groups are likely individually quite short-
range.  Altering the alkoxysilane functionality of the additive or the acrylic nature of the 
functional group had an even more meaningful effect.  Use of MEMO-2,1 as an additive rather 
than MEMO resulted in no meaningful SSA reduction.  Use of PAMS also resulted in a smaller 
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Figure 6.4.  Scanning electron micrographs of Formulation A geopolymers with 0 (a), 
0.05 (b), 0.10 (c) and 0.15 (d) mol MEMO/mol GP.  As MEMO concentration 
increases, microstructural complexity and unreacted phases begin to appear.  
Membranes formed by the organic material are seen with high MEMO concentrations 
(c, d) where they appear curled up and bonded tightly into the geopolymer matrix. 
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Figure 6.5.  BET specific surface area as a function of alkoxysilane additive 
concentration in Formulation A geopolymers.  The addition of MEMO clearly causes 
decreased specific surface area.  After the addition of a critical amount of MEMO 
additive (approximately 0.06 mol/mol) further additive causes substantial microstructural 
change, echoing the shrinkage results. 
 
change in SSA than did similar quantities of MEMO.  NLDFT results shown in Figure 6.6 
demonstrate that mesopores between 5 nm and 20 nm were reduced by approximately an order 
of magnitude above the critical concentration of 0.06 mol MEMO/mol GP. 
This result suggests a substantial integration of precipitates, as pores of this size range are 
typically considered to be the voids that separate incompletely unified precipitates
55; 56
, while 
smaller pores represent precipitate roughness.  TEM micrographs of precipitate aggregates 
appear to reflect this hypothesis, showing a qualitatively smooth surface (Figure 6.7(a)) with 
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structural features of a much larger length scale (Figure 6.7(b)) than was observed in 
micrographs of controls observed here and elsewhere
16
.  It is not clear from TEM imaging 
whether any organic material was bonded within precipitates and/or aggregates. 
 
 
 
Figure 6.6.  NLDFT modeling of mesoporosity from nitrogen adsorption results, as a 
function of MEMO concentration.  Mesopores above approximately 5 nm are 
substantially eliminated when more than 0.06 mol MEMO/mol GP is added.  The data are 
quite noisy due to the tiny amounts of porosity observed at this length scale. 
 
Instead, the organic material formed a separate phase of tube-like structures on the order 
of 10s of nm in diameter and 100s of nm long (Figures 6.7(b-d)).  These structures appear to be 
imbedded within the geopolymer aggregates and clearly bonded some geopolymer material 
strongly enough to survive drying and vacuum.  A substantial number of tubes were found to be 
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Figure 6.7.  Transmission electron micrographs of a Formulation A geopolymer with 
0.1 mol MEMO/mol GP.  The precipitates are seen to be less jagged than unmodified 
geopolymers (a).  Large mesopores are visible within some agglomerates (b).  The 
organic material forms easily distinguishable tube structures that in some cases connect 
agglomerates (c) and are encapsulated within agglomerates (d). 
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completely detached from the geopolymer, either removed during grinding to powder or during 
evacuation of the sample. 
 
(5) Mechanism   
These microstructural and property alterations imply a significant modification of the 
geopolymer chemistry, which in turn suggests substantial room for manipulation and property 
improvement.  In particular, there exist substantial similarities between this system and an 
organic hydrogel system, including the predominance of cross-linked sodium methacrylate as 
waterlocking agents.  Previous investigations of these materials have demonstrated increased 
hydrogel-forming capability with increased structure size, as measured mass per mass
165
.  In 
accordance with previous geopolymer research, the drying shrinkage results suggest a system in 
which insufficient water existed to preserve hydration spheres around the cations.  In this case, 
the addition of the MEMO additive would be expected to greatly increase the hydration radius of 
the cations through the formation of sodium methacrylate groups within the geopolymer.  The 
densification observed is then directly a result of this process. 
Gas adsorption results suggest that the mesoporous water in these modified geopolymers 
was waterlocked into pores at a length scale of approximately 40-100 nm.  In contrast, the silane 
coupling agent tube structures occurred on a length scale of hundreds of nm in width and µm in 
length, implying that each tube affected many pores rather than forming a single massive film 
encapsulating a single large pore.  This is consistent with the TEM observation that some 
geopolymer material appeared to be trapped within the tubes, and that SEM images showed 
some curled structures at the surface of the cut cross-section.  It is possible that within the 
geopolymer matrix some portion of the organic material formed membranes or films.  These 
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might have rolled up during drying when allowed freedom of movement, due to being exposed 
when the sample was cut.  Evidence of multi-walled tubes in some of the images supports this 
theory.   
Thus, the available evidence suggests that during the condensation and gelling stage, the 
organic material existed in membranes, which both attached to some geopolymer precipitates 
and bound significant amounts of the free water.  This in turn depleted much of the free water 
elsewhere, resulting in reduced 5-20 nm porosity.  This is consistent with the observation that 
geopolymer mesoporosity is typically attributed to surplus free water
59,73,74
.  The pores which did 
form in this system were observed to be only 1-5 nm in diameter, and could have been formed 
with water released from the geopolymerization condensation reaction itself.  This water 
appeared very late in the reaction process, and was presumably isolated from the organic 
membranes by the geopolymer network.  It was thus impractical to remove this water and its 
porosity, but the mesoporosity removed nevertheless increases the potential use of geopolymers 
considerably.  
  
105 
 
CHAPTER 7 
DEVELOPMENT OF HIGHLY POROUS MONOLITHS 
This chapter partially consists of material submitted for publication
††
 and in preparation 
for publication
‡‡
. 
The value of porosity control in geopolymers is almost self-evident, as pore volume and 
pore size distribution dictate the mechanical properties of cementitious materials more than does 
perhaps any other microstructural feature.  The previous chapter considered using hydrophilic 
alkoxysilanes to decrease porosity without sacrificing workability, using a different mechanism 
than cementitious water reducers such as polycarboxylate ether (ADVA series, W. R. Grace and 
Co., Colombia, MD).  There are also benefits to maximizing porosity.  Highly porous materials 
provide value in such uses as insulation, catalysis and filtration.  Each of these products demands 
different pore characteristics, including varying pore size and pore interconnectivity.   
While numerous methods of synthesizing porous ceramics exist, only minimal 
investigation has been conducted for porous geopolymers, and the methods attempted did not 
create an open porous network suitable for filtration.  Here is presented one method of creating a 
percolating geopolymer network with pores in the size range of 100 nm-1 µm. 
 
7.1. Background Information 
For these purposes, a ‘pore’ is defined as a gas-filled, liquid-filled or fully drainable 
volume within a monolith ceramic sample from which the ceramic material is ultimately 
                                                 
††
 B. E. Glad and W. M. Kriven, “Geopolymer Porosity Control Using Surface Modification and 
Templating,” The 10th Pacific Rim Conference on Ceramic and Glass Technology, San Diego, CA, (June 3, 2013). 
‡‡
 B. E. Glad and W. M. Kriven, “Geopolymer Porosity Control Using Surface Modification and 
Templating,” J. Am. Ceram. Soc., (2013), in preparation. 
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excluded.  It can be open to the exterior of the monolith, or closed and sealed completely from 
the exterior.  It can be connected through ‘throats’ to other pores to create a ‘porous network’, or 
fully encased by ceramic as an isolated pore. 
Obviously, for a filter, a porous network of open pores of precise sizes (chosen for 
efficient flow of filtrate and retention of filtrand) is mandatory.  For a catalyst support, issues of 
pore size dominate, as the open surface area is roughly proportional to the amount of accessible 
catalyst.  Smaller pores offer the greatest possible surface area, up to 1000-3000 m
2
/g or more for 
some microporous materials
173
.  For an insulating ceramic, closed and isolated ‘cellular’ pores 
are best, inhibiting convection. 
 
7.1.1. Theory of Pore Creation and Survival 
In ceramics, the concept of pore synthesis is quite straightforward and ultimately occurs 
from two distinct sources.  The first occurs during sintering, where grain growth and prohibition 
of densification can combine to produce pores at grain boundaries.  The second source is the 
presence of a removable second phase in the ceramic during curing or sintering.  This latter 
method of pore formation through a removable template is the only one available for non-
sintered materials such as geopolymers and cements.  In geopolymers, one useful second phase 
available by default is free water
59,73,74
, which is responsible for porosity in existing 
geopolymers. 
For fired ceramics, a variety of templates can be used, including polymer foams, which 
are burned off along with the binder, where the material leaves in the gaseous phase.  In addition 
to the obvious negative image that can be made through burning off the second phase, a positive 
can be formed through this method
174
.  Through use of a polymer readily wetted by the slurry, a 
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thin green body coating on the polymer foam struts can be created that, when fired, preserves a 
positive image of the foam. 
For geopolymers, heating to high temperatures produces either a crystal or a glass 
depending on the formulation.  The intrinsic value in this conversion will be discussed later in 
the chapter.  However, it was a priority to develop porous unfired geopolymer structures.  Thus, 
candidate materials included liquid polymers, other liquids and gasses.  Equation 7-1 highlights 
that the typical geopolymer mesoporosity is too small
14,41,59,73,74
 to be easily drained without 
damaging the sample with Young-Laplace capillary forces.  These forces could be sufficient to 
affect the microstructure (where ΔP represents the additional pressure caused by the capillary 
forces, γ the surface energy and R1,2 the principal pore radii of curvature): 
    (
 
  
 
 
  
)             
 
              
(7-1) 
  
 
Recent work has explored intensively the effect of water content on porosity, and 
demonstrated porosity control over a limited range
14
 using water content manipulation. 
Non-wetting liquids, such as many short-chain polymers, should leave an open pore 
network spontaneously according to the Washburn equation
129
, although such departure is 
usually incomplete due to liquid being trapped at sudden constrictions
125
.  However, in a 
geopolymer system, such non-wetting liquids are inevitably displaced by the water required for 
synthesis, due to the hydrophilic nature of the geopolymer surface.  Gas-filled pores at ambient 
pressure can be considered empty for practical purposes even if fully closed, but gasses at 
elevated pressures (such as during supercritical drying) still require an open pore network to 
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equilibrate with ambient pressures.  Gaseous templating eliminates the difficulty of capillary 
forces, but introduces its own complications (see below). 
 
7.1.2. Comparative Systems 
A number of widely used existing systems for the manufacture of porous ceramic 
structures exist, but none is fully applicable to this work.  However, their consideration provides 
context for the investigation.  For reasons mentioned above, open macropores on the scale of 
tens of micrometers or larger are easier to synthesize than smaller open pores.  In particular, two 
very simple methods of producing porosity are commonly used in cements and have been 
duplicated in geopolymers.   
A successful porous structure was created through hydrogen evolution
9,10,12,25,75
 via the 
addition of elemental aluminum (resulting in the formation of alkali aluminum hydroxides and 
hydrogen in the presence of strong base), although pressure in closed pores was a concern.  
Oxygen evolution was also found to be possible, starting from liquid peroxide
9.  This lab’s initial 
investigation of carbon dioxide evolution from carbonates did not produce a highly porous 
monolith, however. Air entrainment of geopolymer proves to be quite straightforward due to the 
precursor being a viscous slurry, and has been demonstrated elsewhere
45
 and in this lab using a 
variety of surfactants.  However, these two methods rely on gas bubbles to form and thus cannot 
produce pores smaller than a minimum diameter (see below). 
For smaller diameter pores, creation of the aerogel
175
 through sol-gel synthesis is well-
known.  In that synthesis, the wet gel is brought to a temperature and pressure where the liquid 
(or solvent-exchanged liquid) is supercritical, allowing it to change to a gas without evaporation.  
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This supercritical drying avoids both damage from capillary forces and damage from evaporating 
liquid. 
Much effort has been invested in finding an alternative route to aerogel structures without 
the expensive supercritical drying.  Upon drying, gels collapse, fracture or have methods to 
prevent capillary forces from destroying them.  In the latter case, the resultant xerogel monolith 
both utilizes solvent exchange and hydrophobic surface modification
176
.  Thus, the surface 
tension driving force then acts in favor of drying, resulting in a system where fluid is expelled 
rather than dried, with minimal resulting drying failure. 
 
7.2. Entrainment-Based Porosity 
Based on well-known techniques for cementitious materials (such as described in ASTM 
C260), air entrainment of geopolymers is a simple and practical method of making highly 
macroporous monoliths
45.  Surfactants or ‘air entrainment agents’ can be easily added to the 
hydrophilic slurry, and then the geopolymer has air mechanically introduced in exactly the same 
matter as for a freeze-thaw resistant concrete.  The microstructure of such entrained geopolymers 
has been investigated elsewhere
7
. 
 
7.2.1. Entrainment Results 
With a standard geopolymer (Formulation B), and the addition of reasonable amounts 
(1.0 wt%) of a straightforward surfactant such as sodium dodecanoate (CH3-(CH2)10-COONa, 
(Sigma-Aldrich Co., LLC, St. Louis, MO), it was verified here that a highly porous geopolymer 
could be made, using a high-shear mixer as the mechanical driver for entrainment.  The pores 
were approximately 2 mm in diameter, and could thus be observed by eye.  Far more surfactant 
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was used in these syntheses than is typical for an equivalent concrete system
177
, possibly 
contributing to the abnormally large pore sizes observed. 
 
7.2.2. Minimum Pore Size Theory 
The minimum pore size created through air entrainment is effectively the size of the 
smallest air bubbles trapped in the slurry.  Unfortunately, the time-dependent dynamics of bubble 
size are quite complex and the literature is littered with attempts to fully analyze air-fluid bubble 
systems.  It is well understood that bubble sizes change over time due to a combination of 
coalescence and pressure-driven gas diffusion
178,179
.   
In general, for a stagnant, viscous system such as the geopolymer slurry, coalescence 
effects will be minimal due to the relative absence of either turbulent or buoyancy-driven bubble 
movement
178
.  A coalescence event requires increasing the proximity of a given pair of bubbles 
over time, and movement after mixing is limited in a setting geopolymer.  Thus, the minimum 
pore size can be inferred from consideration of the kinetics of pressure-driven gas diffusion.  The 
pressure difference ΔP between a bubble and its surroundings can be related to interfacial energy 
γ and diameter d with a free energy balance152, as shown in Equations 7.2 and 7.3.  Eb is the free 
energy of the bubble system. 
    
   
 
         (7.2) 
 
   
  
   
  
 
    (7.3) 
 
However, as this pressure gradient increases, the diffusion rate of the gas out of the 
bubble must increase.  For the bubble to survive, it must receive gas from the environment at the 
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same rate or more than the amount it emits.  Net flow can be approximated by Equation 7.4 
(neglecting buoyancy effects, and where K is a constant of proportionality, n is the quantity of 
gas in moles, R is the gas constant, T is the system temperature and t is in units of time). 
   
  
          ( )    
    
 
  ( )  ( )    (7.4) 
 
Here g(t) represents the gas gain from the environment, and over short timescales is 
approximately a constant G, relating to the overall loss of gas from all the bubbles in the sample.  
This analysis is sufficient to show the equilibrium bubble diameter’s dependence on enclosed 
mass, but the differential equation in total gas mass n illustrates clearly that bubbles of smaller 
than equilibrium radius will preferentially lose mass until they disappear
77
.  It is thus 
qualitatively observable that the minimum bubble diameter depends ultimately on liquid-vapor 
interfacial energy, which can be reduced but not eliminated using surfactants. 
 
7.3. Titration-Driven Precipitation 
It is not practical to reduce liquid-vapor surface energy to near zero.  However, reducing 
the surface energy of a liquid-liquid interface is possible
101,180
, and drying such a system can 
produce a xerogel (gel dried under ambient conditions) or aerogel (gel dried under supercritical 
conditions).  Many acid-based aluminosilicate xerogels and aerogels have been synthesized
181
.  
Such work was reproduced here in a system using metakaolin (22.80 g), sodium hydroxide (8.00 
g) and DI water (18.00 g).  The addition of silica fume (12.0 g) along with nitric acid (12.6 g) 
and excess hexane resulted in a mesoporous solid precipitate.  This 1•1•4•41 geopolymer system 
demonstrated increased mesoporosity versus a traditional geopolymer (BJH desorption pore 
volume increased to 0.196 cm
3
/g, BET specific surface area increased to 90.5 m
2
/g) but the 
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system was not suitable for an insulating monolith as the material was extremely friable.  This 
method was not investigated in detail due to the comparative resilience of the emulsion-template 
systems discussed below, and the significantly higher porosities achieved by them. 
 
7.4. Emulsion-Template Systems 
As discussed above, it is very difficult to extend the mesoporous system to extremely 
high porosities.  Furthermore, the synthesis of macropores of the size 100 nm to 1 µm has not 
been extensively explored in geopolymeric materials or indeed many inorganic, non-crystalline 
materials in general.  At that length scale, it is likely that interface interactions dominate 
templating, rather than the charge-driven templating of traditional geopolymers and zeolites.  It 
is well-known that interface-driven porous structures are trivial to synthesize in geopolymers 
through volume exclusion, using air entrainment or gas evolution, but the problem is that these 
excluded volumes are unstable and ripen to a size of many micrometers on timescales orders of 
magnitude shorter than the hours required to cure a geopolymer even at elevated temperature. 
This observation has driven this investigation toward the use of highly stabilized oil-in-
water emulsions.  Aluminosilicate condensation appears to occur in these systems as readily as in 
typical geopolymer systems.  However, like a normal geopolymer, it is difficult to maintain 
pores of a micrometer or less during drying and rewetting due to capillary forces.  The solution 
to this difficulty has been to produce a hydrophobic organic covering or veil on the pore interiors 
using a chemical such as dimethyldiethoxysilane (DIDE) [(CH3)2(OCH2CH3)2Si] capable of 
condensing both as a polymer chain and with the growing geopolymer network (as shown in 
Figure 7.1).  
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Figure 7.1.  The mechanism used for creation of highly porous, 1 μm diameter pore 
geopolymers.  Pore interconnectivity results from the draining of these pores, when water 
must find a route to the surface. 
 
7.4.1. Experimental 
The objective of this effort was to combine the sol-gel synthesis of the hydrophobic 
alkoxysilane with the straightforward precipitation of geopolymers.  The ability for geopolymers 
to react around a range of organic materials makes this approach especially attractive.  As a 
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hydrophobic coating reduces but does not eliminate drying stresses, a relatively gentle, slow 
geopolymer curing method was expected to be necessary.  Accordingly, the evaporative method 
described in Chapter 4 was developed for this purpose. 
 
(1) Synthesis  
Sodium silicate solution (waterglass) was prepared as follows:  160.0 g sodium hydroxide 
(Sigma-Aldrich Co., LLC, St. Louis, MO) was added to 360.0 g DI water in a stainless steel 
container and stirred using a polytetrafluoroethane stir bar with a magnetic stir plate until fully 
dissolved.  The container was then sealed with polyethylene terephthalate plastic film, and the 
temperature of the stir plate was set to approximately 45 ºC.  A total of 240.0 g fumed silica 
(Cab-o-sil LM-150D, Cabot Corp., Boston, MA) was then added in small batches of 
approximately 10 g, each time allowing for complete or almost complete dissolution of the silica 
before adding the next batch, with the container remaining sealed when not adding silica.  After 
all silica was added, the container was resealed and the contents were allowed to stir at the 
elevated temperature for 24 hours.  After 24 hours, the solution of sodium silicate was poured 
into a polyethylene container, and allowed to equilibrate at ambient conditions for at least two 
weeks. 
A mixture of 2.78 g metakaolin (Metamax EF, median particle size
117
 2.7 µm, Engelhard 
Corp., Iselin, NJ), 4.75 g waterglass, and a great excess of water (typically 197 mol/mol GP) was 
used to make each sample.  Various hydrophobic monomer additives (Table 7.1) provided the 
excluded volume to template porosity.  Formulations D and E were used as described below.   
Unless specified otherwise below, 4.94 g DIDE was used in each experiment, equivalent to 2.67 
mol of additive per mol geopolymer.  For the other reagents, the same molar ratio was used. 
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For Formulation D (non-premixed samples), the mass of 2.78 g Metamax EF was placed 
in a polypropylene container (Solo Cup Co., Lake Forest, IL) with a quantity of water (usually 
40.0 g or as specified) and some additives.  This mixture was then ultrasonicated for 9 minutes at 
240 watts while being stirred on a stir plate.  Then 4.75 g waterglass was added dropwise as 
quickly as possible, while ultrasonication continued for a further 6 minutes (a total of 15 
minutes).  This resulting dilute slurry had nominal composition 1•1•4.0•z before additives 
(z=197 for 40.0 g, or as specified), but some water and some additives evaporated during the 
mixing.  The resulting mixture was placed in the controlled humidity chamber (at a specified 
humidity) or in a sealed container with a large excess of calcium sulfate (Drierite, W. A. 
Hammond Co., Xenia, OH), and maintained at 25 ºC until weighing indicated substantially no 
mass loss over a period of hours.  Depending primarily on initial water content and humidity, this 
process required between 3 days and 3 weeks, but in most cases drying was completed in 
approximately 1 week or less. 
For Formulation E (premixed samples), a mass of 10.00 g Metamax EF was placed in a 
high density polyethylene container (Thinky Corp., Tokyo) with 30.0 g water and 0.40 ± 0.03 g 
40 wt% poly(ammonium methyl acrylate) solution (Darvan 821A, R. T. Vanderbilt Co., St. 
Norwalk, CN) and 16.67 g waterglass.  The resulting thick slurry (of composition 1•1•3.9•50.0 
before additives) was sealed, and stirred with a magnetic stir bar for seven days to create the 
premix.  After seven days had passed, an amount of premix equivalent to 0.012 mol geopolymer 
was removed from the premix (15.72 g), placed in a polypropylene container (Solo Cup. Co.), 
diluted to 1•1•3.9•197, and any additives were included at this time.  The mixture was then 
ultrasonicated for 8 minutes at 240 watts while being stirred on a stir plate, and placed in the 
controlled humidity chamber or in a sealed container with a large excess of calcium sulfate 
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(Drierite) and maintained at 25 °C until weighing indicated substantially no mass loss over a 
period of hours.  Depending primarily on initial water content and humidity, this process 
required between 3 days and 3 weeks, but in most cases drying was completed in approximately 
1 week or less. 
Powdered samples for characterization were generated by dry grinding in an alumina 
mortar, and were collected after being passed through a 44 μm mesh. 
 
(2) Microstructural Characterization 
Electron microscopy was used to provide a qualitative description of the microstructure. 
SEM micrographs were captured on a JEOL 6060LV (JEOL USA, Inc., Peabody, MA) with a 
beam energy of 25 kV.  Samples were cut with a diamond-edged wafering blade with cutting oil 
and sputter-coated with a gold-palladium target to a depth of 10 nm.  TEM micrographs were 
obtained on powder samples placed on a carbon film.  Samples were imaged at room temperature 
using an excitation voltage of 200 kV and a lanthanum hexaboride filament (JEOL 2010, JEOL 
USA, Inc., Peabody, MA).  Care was taken to minimize TEM beam exposure until immediately 
prior to image capture. 
 
(3) Reactivity Characterization 
Cu-Kα X-ray powder diffraction (XRD) testing was conducted with a Siemens-Bruker 
D5000 diffractometer.  Tests were conducted at 40 kV, 30 mA, a step size of 0.025° 2-theta, and 
a measurement time of 6 seconds/step.  Diffusion reflection infrared spectra were taken using a 
Nicolet Nexus 670 spectrometer on powdered samples mixed with KBr (1:19 wt ratio).   
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Differential scanning calorimetry data were acquired at a rate of 1 °C/min from room 
temperature to 400 °C, and then immediately continued from 400 °C to 1100 °C at 5 °C/min.  
The testing chamber (STA 409 CD, Netzsch Group, Burlington, MA) was a continuous airflow 
chamber and the gasses used were Ultra Zero Air and UHP Helium at a 15:8 volume ratio, which 
is a typical ratio with helium used to prevent damage to the instrument. 
 
(4) Porosity Characterization 
Nitrogen adsorption porosimetry was conducted on powder samples using a ASAP 2020 
porosimeter (Micromeritics Instrument Corp., Norcross, GA).  The samples were evacuated at 90 
ºC, and then degassed at 150 ºC for 4 hours.  If mass loss during analysis or other anomalies 
were observed, then the samples would subsequently be degassed at 250 ºC or even 350 ºC.  In 
such cases, Chapter 5 results showed that nitrogen porosimetry results reflect phase morphology 
changes due to degassing at the elevated temperature, and consequently the results have reduced 
value.  This heating was necessary as the samples produced with DIDE and/or some alkane 
(hexane or dodecane) were not easily prepared using gentler methods.  For these samples, 
degassing at 150 ºC for 4 hours up to several days did not result in satisfactory removal of 
volatiles.  Thus, it was found that increased temperature was required to accurately take 
measurements, with the result that microstructural changes were inevitable.  
Mercury intrusion porosimetry was conducted using a porosimeter (Autopore II 9220, 
Micromeritics Instrument Corp., Norcross, GA) and quadruple-distilled mercury (Bethlehem 
Apparatus, Hellertown, PA).  Data were collected at a 0.001 µLg
-1
s
-1
 equilibrium.  Single-
intrusion data was measured to provide information on the total porosity and the critical intrusion 
diameter.  The modified PDC-MIP method (Chapter 5) was also used to gain additional 
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information about pore size distribution.  The contact angle of geopolymer was estimated using 
mercury intrusion porosimetry on a Formulation A geopolymer prepared with slits cut with a 
diamond-edge wafering blade and optically measured.  This technique was used to verify that the 
contact angle of 130º previously referenced in the literature
182,183
 was appropriate.  Using that 
method, a Tadmor equilibrium contact angle
184
 of 135° was calculated, which was considered 
close enough to the literature value that the convention of 130° was used. 
 
7.4.2. Results 
Formulations D and E were able to create highly porous monoliths when a dialkoxysilane 
was an additive, but other alkoxysilane additives either phase separated or produced only dense 
geopolymer (Table 7.1).  DIDE was found to be the most successful additive, and further 
characterization was conducted on DIDE-based systems. 
 
(1) Porosity 
The use of the silicone additives clearly allows for the creation of highly porous bodies.  
Unfortunately the pore size, as measured using the theoretical 16% percolation critical value
112
, 
increased dramatically with increasing porosity.  Over the range of 70-90% porosity, the critical 
pore size would increase from ≈1 µm to ≈30 µm or more.  Beyond the addition of the DIDE 
silane and hydrophobic phase (Table 7.2), porosity volume was largely controlled by a 
combination of initial water concentration (Table 7.3) and humidity conditions (Table 7.4).  
Assuming an approximately constant evaporation rate for a given humidity, the results suggest 
that water residence time greatly affected both total pore volume and pore size. 
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Table 7.1.  List of hydrophobic reagents considered 
Name Result 
Tetraethoxysilane Phase separation into translucent sol-gel solid 
Methyltriethoxysilane Phase separation into translucent sol-gel solid 
Dimethyldiethoxysilane (DIDE) Useful template 
Trimethylethoxysilane Dense solid with minimal additional porosity  
Tetramethylsilane Dense solid with minimal additional porosity, 
used as control 
Hexane Dense solid with minimal additional porosity 
Dodecane Dense solid with minimal additional porosity, 
with persistent oil film prohibiting evaporative 
drying 
Dimethyldimethoxysilane Similar results to DIDE 
Diphenyldimethoxysilane Similar results to DIDE 
 
Table 7.2.  Effect of hydrophobe content on Formulation D GP, composition 
1•1•4•x, with molar ratio 1 Na2O•y C12H26•2.67 Me2Si(OEt)2 
Sample 
(mol 
dodecane/ 
mol GP) 
[y] 
244 mol water/mol GP [x] 476 mol water/mol GP [x] 
Critical 
Percolation 
Pore Size 
(D16%) 
(µm) 
Density 
(g/cm
3
) 
Porosity 
(cm
3
/cm
3
) 
Critical 
Percolation 
Pore Size 
(D16%) 
(µm) 
Density 
(g/cm
3
) 
Porosity 
(cm
3
/cm
3
) 
0.00 2.29 0.85 0.553 --- 
1.00 7.26 0.38 (Saturation) 38.29 0.14 (Saturation) 
2.00 --- 33.20 0.15 0.8491 
 
This systematic relationship between drying time and observed pore size suggests that 
phase ripening of the unstable colloid is likely to be the cause of this observation.  Ethanol added 
specifically to destabilize the emulsion (Table 7.5) resulted in much larger pore sizes.  Notably, 
the pore volume in the ethanol investigation was approximately stable, as expected with ethanol 
added immediately, but the density showed a marked decrease.  This result implies that the 
ethanol had partially replaced water in the pores.  
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Table 7.3.  Effect of initial water content on Formulation D GP, composition 
1•1•4•x, with molar ratio 1 Na2O•1 C12H26•2.67 Me2Si(OEt)2 
Sample (mol 
water/mol GP) [x] 
Critical Percolation 
Pore Size (D16%) 
(µm) 
Density (g/cm
3
) Porosity (cm
3
/cm
3
) 
151 1.82 0.64 0.645 
197 1.81 0.59 0.723 
244 7.26 0.38 (Saturation) 
476 38.29 0.14 (Saturation) 
 
Table 7.4.  Effect of humidity on Formulation D GP, composition 1•1•4•197, with 
molar ratio 1 Na2O•1 C12H26•2.67 Me2Si(OEt)2) 
Relative humidity 
Critical Percolation 
Pore Size (D16%) 
(µm) 
Density (g/cm
3
) Porosity (cm
3
/cm
3
) 
30% 0.623 1.00 0.319 
70% 1.81 0.59 0.723 
2 days 95%, then 
25% 
6.72 0.47 0.769 
 
Table 7.5.  Effect of destabilizing co-surfactant on Formulation D GP, 
composition 1•1•4•197, with molar ratio 1 Na2O•1 C12H26•2.67 Me2Si(OEt)2) 
Sample (mol 
ethanol added/mol 
GP) 
Critical Percolation 
Pore Size (D16%) 
(µm) 
Density (g/cm
3
) Porosity (cm
3
/cm
3
) 
None 1.81 0.59 0.723 
1.75 immediately 17.31 0.44 0.743 
1.75 after 24 hours 9.31 0.58 0.657 
 
(2) Microstructure 
Additional evidence for emulsion instability causing an increased pore size with drying 
time is visible in Figure 7.2.  These approximately spherical macropores on the order of 
hundreds of µm appear only in samples with an extremely long drying time (19 days) due to 
curing at 95% humidity.  Needle-like precipitates began to be visible with this drying time 
(Figure 7.3) while shorter drying times showed evidence of a uniform organic ‘veil’ or film over 
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the microstructure (Figures 7.4, 7.5).  This contrast may indicate the formation of an organized 
zeolitic phase.  Due to the inherent flexibility of the Si-O bond in the polymerized DIDE 
(polydimethylsiloxane) it is unlikely that the needle structure was composed of ordered organic 
material. 
Surprisingly, TEM images showed results not dissimilar to a typical geopolymer, and no 
definite organic material could be identified.  The premix geopolymer had loose tube structures 
reminiscent of those in Chapter 6, which were almost certainly the polyacrylate dispersant added 
to the premix.  Nitrogen adsorption porosimetry results tended to suggest that mesoporosity was 
being reduced somewhat by the addition of the organic veil, although the considerable degassing 
required for these samples makes a quantitative interpretation questionable.  This qualitative 
result was consistent with the SEM ‘veil’ or film observations creating a smoother nanostructure, 
but could also be the result of the high-temperature degassing artifacts discussed in Chapter 5. 
Microstructural SEM analysis revealed that the addition of only hydrophobic material 
with no silicone blocking agent resulted in the formulation of a solid with small, tortuous pores 
(with templated porosity of only a few percent) as shown in Figure 7.6, while the samples with 
both a blocking agent and hydrophobic material possessed agglomerated structures on the scale 
of micrometers to hundreds of nanometers, surrounded by pores (Figures 7.4 and 7.5).  Based on 
these observations, it is reasonable to conclude that the blocking agent DIDE successfully 
segregated the aqueous aluminosilicate phase from the hydrophobic phase, allowing drainage, 
and a high porosity. 
Figure 7.7 and Table 7.6 show the aggregate composition-formulation-porosity data for 
DIDE samples.  It appears that 0.8 mol DIDE/mol GP is sufficient to create a full hydrophobic 
film, and that additional DIDE has minimal effect on Formulation D samples.  At higher 
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concentrations, total porosity decreased significantly while pore size decreases slightly.  This 
suggests that the organic film on the interior pore surfaces is simply thickening.  The trend is 
removed through calcination, which removes the organic film.  The premixed Formulation E 
samples show a clearer trend than does the regular D samples, suggesting that the premixing 
more readily allows for thick hydrophobic film formation than does the regular Formulation D 
processing. 
 
 
 
Figure 7.2.  Scanning electron micrograph of Formulation D GP, composition 1•1•4•244, 
with molar ratio 1 Na2O•2.67 Me2Si(OEt)2, cured at 95% relative humidity.  Clearly 
visible are many large, hollow spherical structures, which are suspected to be the largest 
and most stable of the particle-stabilized emulsion beads. 
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Figure 7.3.  Scanning electron micrograph of Formulation D GP, composition 1•1•4•244, 
with molar ratio 1 Na2O•2.67 Me2Si(OEt)2, cured at 95% relative humidity.  The needle-
like precipitates were not found in lower-humidity samples. 
 
(3) Reactivity 
The signature X-ray diffraction geopolymer shift from 22º 2-Θ to 28º 2-Θ was not in 
evidence.  Although the very broad hump inherent in geopolymer samples makes precise 
evaluation difficult (see Chapter 4 for examples), it is likely that very little if any 
geopolymerization occurred in these samples.  Based on the observation of the organic ‘veils’ or 
film coating the sample as well as the noticeable hydrophobicity of the dried monoliths, it is 
possible that the various hydrophobic phases (DIDE, dodecane) inhibited the interaction of the 
silicate and the metakaolin precursor.  Using the premixing method described in Part 4, with the 
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organic second phase added along with the dilution, a shift to approximately 24º 2-Θ occurred.  
The evidence in Part 4 suggests that a more concentrated premix would cause a larger shift. 
 
 
 
Figure 7.4.  Scanning electron micrograph of Formulation D GP, composition 1•1•4•197, 
with molar ratio 1 Na2O•1.00 C12H26•2.67 Me2Si(OEt)2, illustrating aluminosilicate 
structures coated with organic ‘veils’ or films. 
 
Differential scanning calorimetry results showed the samples to lack the departure of free 
water over the range of 75 °C- 150 °C that is characteristic of geopolymers.  Instead, a 
significant endotherm beginning at ≈280 °C was observed, and concurrent mass loss from that 
temperature up to ≈700 °C implies the loss of the organic material within that range.  It would 
seem that while the efforts to exclude water from the porous structure were successful, the results 
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were marred by the lack of reactivity of the geopolymer and apparently substantial unreacted 
organic phase as well. 
 
 
 
Figure 7.5.  Scanning electron micrograph of Formulation D GP, composition 1•1•4•151, 
with molar ratio 1 Na2O•1.00 C12H26•2.67 Me2Si(OEt)2).  A moderately porous structure 
is evident, with the pores consisting of spaces between the aluminosilicate structures. 
 
(4) Efficiency 
A variety of samples with varying amounts of DIDE and a constant 2.15 g dodecane were 
calcined to 800 °C for 4 hours (with a 5 °C/min heating ramp) in a tube furnace using a 
continuous flow of argon as an inert gas, and the mass loss was recorded.  By assuming that all 
of the organic material was destroyed in this calcination, it was possible to derive the amount of 
organic material lost prior to the calcination.  From Figure 7.8, the high linear correlation implies 
that a proportion of DIDE (the slope) was lost before calcination, as was a constant amount of 
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material (the intercept, presumably dodecane lost before calcination).  These data suggest that 
roughly half the DIDE and 80% of the dodecane were lost during evaporation.  Hence, there is 
substantial room for efficiency gains and processing improvement. 
 
 
 
Figure 7.6.  Scanning electron micrograph of Formulation D GP, composition 
1•1•3.9•316, with molar ratio 1 Na2O•3.63 C6H14.  The sample was a solid with a 
network of tortuous pores on the scale of micrometers.  MIP results demonstrate the 
interconnectivity of these pores, despite their discrete appearance. 
  
7.5. Calcination of Monoliths 
It was observed that porous samples approaching 80% porosity had weak mechanical 
strength and were friable.  Thus, the possibility of calcining the geopolymer monolith to improve 
mechanical properties was investigated.  It was found that calcination above approximately 500 
ºC in an atmospheric environment resulted in the destruction of the monolith and a chaotic  
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Figure 7.7.  Porosity results as a function of initial DIDE content.  After 0.8 mol 
DIDE/mol, further additive fails to increase porosity meaningfully.  At higher 
concentrations, greatly reduced porosity and slightly reduced pore size suggests that 
the organic film is thickening on the interior surface of the pores, especially as the 
trend is reduced for calcined samples (800 °C, 4 h in Ar, 5°/min ramps). 
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organic mixture of polymer and char.  Thus, failure appeared driven by combustion of the 
organic material. 
 
Table 7.6.  Effect of varying DIDE concentration.  GP composition 1•1•4•197, with 
molar ratio 1 Na2O•1 C12H26•z Me2Si(OEt)2.  Cured at 70% humidity.  
Calcination conducted 800 °C, 4 h in Ar, 5°/min ramps. 
DIDE Concentration 
(z mol/mol GP), 
Formulation 
Critical Percolation 
Pore Size (D16%) 
(µm) 
Density (g/cm
3
) Porosity (cm
3
/cm
3
) 
0.40 D 0.194 1.36 0.425 
0.80 D 5.61 0.65 0.718 
0.80 D calcined 0.865 0.59 0.632 
1.20 D 2.66 0.58 0.692 
1.20 D calcined 0.725 0.51 0.791 
1.60 D 5.59 0.76 0.724 
1.60 D calcined 8.66 0.69 0.764 
2.00 D 7.90 0.50 0.698 
2.40 D 3.77 0.71 0.657 
2.40 D calcined 1.21 0.62 0.759 
2.67 D 1.81 0.71 0.642 
1.20 E 0.864 0.60 0.724 
1.20 E calcined 0.958 0.63 0.681 
2.00 E 0.672 0.91 0.512 
2.00 E calcined 1.40 0.69 0.678 
2.40 E 0.548 1.10 0.435 
 
This was confirmed with a sample calcined in a tube furnace, with a continuous flow of 
N2.  This calcination at 800 ºC for 4 hours (with a 5 ºC/min heating ramp) of a Formulation E 
sample (premix w=37.4, with 1 Na2O•2.67 Me2Si(OEt)2) resulted in the preservation of the 
monolith.  The calcination process was found to increase the porosity of the material 
substantially without greatly increasing the critical pore size, as shown in Figure 7.9.  This glassy 
solid possessed much greater strength than did unfired monoliths of similar porosity.  Similar 
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results were observed with the various samples calcined in argon at 800 ºC for 4 hours with a 5 
ºC/min heating ramp (Figure 7.7, Table 7.6). 
 
 
 
Figure 7.8.  Plot of organic mass lost during processing as a function of initial DIDE 
concentration.  A significant portion (≈54%) of the DIDE is not lost during calcination 
and is thus presumably lost at some earlier step.  The intercept is presumed to be the 
amount of dodecane lost during processing and represents more than 80% of the original 
2.15 g. 
 
SEM imaging of the calcined sample revealed a chaotic structure of discrete domains, as 
seen in Figure 7.10.  XRD data demonstrated that amorphous peak at 24º 2-Θ had been 
converted to a peak centered around ≈15º 2-Θ (Figure 7.11), implying the formulation of 
amorphous glass consistent with previous investigations of sodium geopolymer
15
.  Nitrogen 
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adsorption porosimetry was complicated by the inability to reduce the monolith to an 
uncontaminated powder.  It was observed that grains of the material easily scratched the dense 
alumina mortar and pestle, suggesting that some Si-CH3 groups had been converted to a 
secondary phase of SiC.  The presence of crystalline SiC was not observable with conventional 
X-ray diffraction but the (111), (220), (311), (222) and (400) ß-SiC peaks were clearly evident 
with synchrotron radiation diffraction.  The absence of the (200) peak is common and suggests 
significant stacking faults
185
. 
The conversion of SiCH3 structures to SiC upon calcination in inert atmosphere has been 
previously observed
186
 and suggests increased mechanical properties as compared to porous 
aluminosilicates manufactured by other methods.  This offers a variety of potential higher-value-
added applications. 
  
131 
 
 
 
 
Figure 7.9.  MIP results (first intrusion) of a Formulation E GP, composition 
1•1•4•197, with 1 molar ratio 1 Na2O•2.67 Me2Si(OEt)2, illustrating porosity before 
and after calcination (800 °C, 4 h in N2, 5°/min ramps). 
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Figure 7.10.  Scanning electron micrograph, showing the chaotic glass microstructure 
produced by calcination (800 °C, 4 h in N2, 5°/min ramps) of a Formulation E GP, 
composition 1•1•4•197, with 1 Na2O•2.67 Me2Si(OEt)2). 
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Figure 7.11.  X-ray diffraction data of a Formulation C GP from Chapter 4 (A), a 
Formulation D GP with DIDE (B), and a Formulation E GP with DIDE before (C) and 
after (D) calcination (800 °C, 4 h in N2, 5°/min ramps).  After calcination, the pattern 
resembles an amorphous glass rather than a geopolymer. 
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CHAPTER 8 
CONCLUSIONS 
Both geopolymer understanding and control of geopolymer porosity have been improved.  
Initially, it was shown that functional alkoxysilanes could be incorporated directly into 
geopolymer slurry to meaningfully affect various geopolymer properties.  The use of 0.072 mol 
phenylaminopropyltrimethoxysilane/mol geopolymer allowed for tensile adhesion strength 
(>0.09 MPa) to extruded polystyrene foams that surpassed the cohesive strength of the foam.  
Similarly, the addition of 0.10 mol methacryloxypropyltrimethoxysilane/mol geopolymer 
improved the Weibull modulus of compressive strength (>48%), and water retention (drying 
time extended from days to weeks).  Alkoxysilane was found to reduce the degree of reactivity 
of geopolymers but not to totally prevent geopolymerization. 
Geopolymer densification (up to a 24% increase in bulk density) and mesoporosity 
reduction (up to a tenfold decrease in mesoporosity volume) was achieved through the addition 
of the hydrogel-forming alkoxysilanes methacryloxypropyltrimethoxysilane.  The gradual 
formation of sodium acrylate species within the geopolymer during curing allowed for 
meaningful property modification with amounts greater than at least 0.06 mol additive/mol 
geopolymer.  Organic tube structures with a length of a few µm and a diameter of hundreds of 
nm were formed above this concentration, suggesting a saturation amount of alkoxysilane 
monomer incorporated into the geopolymer matrix.  The addition of this hydrogel-forming 
additive caused the geopolymer to dry significantly slower in ambient conditions than a regular 
geopolymer. 
Additionally, gas adsorption porosimetry techniques used in the mesoporosity analysis 
were intensively investigated and it was found that structural changes to a regular geopolymer 
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during sample evacuation were significant, but could be mitigated by evacuation at a temperature 
of less than 100 °C.  With such treatment, expected trends in adsorption as a function of 
composition and curing temperature were observed. 
Geopolymer macroporosity was investigated using mercury intrusion porosimetry, and a 
novel method of data analysis was developed to aid in the investigation.  This method allowed 
for use of some depressurization data without independent measurement of the receding contact 
angle.  Tests on an alumina filter showed that the pore size distribution obtained did not resemble 
the pore size distribution obtained using electron microscopy cross sections, but the 
discrepancies observed resembled those found using traditional data analysis. 
Geopolymer macroporosity was controlled through an oil-in-water emulsion template 
method utilizing a dilute evaporative slurry as the water phase.  The extent of geopolymerization 
was found to be limited, and this reduced geopolymerization was investigated using dilute 
slurries without emulsion additives.  It was found that a significant cause of decreased reactivity 
was the formation of sodium carbonates, which deprived the geopolymer of necessary charge-
balancing cations.  Reactivity was increased by premixing a concentrated, sealed geopolymer 
slurry under constant agitation, and then diluting it to produce the dilute evaporative slurry.  This 
technique mitigated reactivity issues for both regular evaporated geopolymers and the emulsion-
template geopolymers. 
Nonfunctional dialkoxysilanes such as dimethyldethoxysilane were instrumental in the 
synthesis of >70% porous, <1 µm critical percolation diameter, near-net-shape geopolymer 
monoliths.  These compounds functioned both as a surfactant in the slurry and created a 
hydrophobic coating on pore interiors after gelation, decreasing drying stresses.  Manipulation of 
total water content and emulsion stability allowed for independent control of porosity volume 
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and pore size.  These monoliths could be calcined in inert atmosphere to 800 °C for conversion 
to a glass ceramic.  The glass ceramic had increased porosity compared to the unfired monolith, 
and a slightly larger critical percolation diameter.  Synchrotron radiation identified the 
conversion of a portion of the organic pore coating to ß-SiC. 
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CHAPTER 9 
SUGGESTIONS FOR FUTURE WORK 
This project began as a practical investigation into improved geopolymer porosity control 
at a practical cost for either insulation or bulk cement uses.  It became evident that so little 
investigation had been conducted in this area that necessity required a change in focus to 
investigating the mechanisms involved in the synthesis of porous and nonporous geopolymers 
and examining the processing parameters involved in changing them. 
The results of such investigations are described in detail in this document, particularly 
Chapters 6 and 7.  However, the use of alkoxysilanes is not a practical method of achieving the 
original aims of the project, although they make for a terrific model system.  Furthermore, the 
efficiencies observed through our methods are not high.  For a commercial product, it is 
necessary both to improve efficiency and to identify additives which can be acquired cheaply and 
processed quickly. 
 
9.1. System Optimization 
Rather than investigate a variety of additives and processing routes blindly in the hope of 
producing a marketable product, this project concentrated on finding a workable solution to each 
of the two major project goals, and then varying systems and parameters to determine what 
aspects of microstructure and processing were important for porosity and other properties.  As a 
consequence, some of the most promising aspects of design space have not been investigated. 
For the nonporous geopolymer, investigating the three-phase system of geopolymer, 
hydrogel additive and filler phase is likely to result in a more efficient use of organic material, 
especially as potential synergic effects between filler and additive are conceivable.  Additionally, 
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any commercial product is likely to utilize multiple different hydrogel additives, in the interest of 
eliminating the requisite 0.06 mol acrylate/mol GP that was observed for property benefit.  It is 
likely that the substantial amount of design space between these two possibilities could produce 
an effective high-strength, high-Weibull-modulus geopolymer for practical use. 
The advancements shown in developing the porous geopolymer are more incremental in a 
long history of porous silicate research.  In this system, optimization depends on efficient control 
of the interfacial characteristics of the emulsion phase, along with the processing parameters to 
dry the material as rapidly as possible while still ensuring reactivity.  In addition, preliminary 
work suggests that a valid, though imperfect, substitute for the DIDE additive is a much more 
limited amount of non-ionic surfactant.  Otherwise, the porous geopolymer sits comfortably 
within the realm of xerogels and related structures, but the fired porous geopolymer potentially 
occupies a rather less populated space due to the easy synthesis of silicon carbide from the 
organic additive.  Further investigation of practical applications for this material has some merit. 
 
9.2. Characterization Modifications 
This exploration identified serious concerns with the conventional ways of exploring 
geopolymer porosity, particularly with regards to accurately determining a pore size distribution.  
The focus of Chapter 5 was addressing these concerns, and some novel ideas have been 
explored.  Augmenting this analysis can take numerous different directions.  Increasing precision 
with techniques such as tomography to more closely examine geopolymer pore morphology 
would be valuable, especially as Chapter 7 describes a technique that brings extensive porosity 
into the 100s of nm range, which is substantially easier to image.  Another possibility is to 
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consider the kinetics of pore formation in much greater detail through various in situ methods as 
well as computer modeling and theoretical work.   
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APPENDIX A 
GEOPOLYMER SYNTHESIS AND FORMULATIONS 
For clarity, the precise synthesis routes of the various geopolymers mentioned in this 
document are described in detail here. 
 
A.1. Geopolymer Precursors Used 
Sodium silicate solution 
Sodium silicate solution (waterglass) was prepared as follows:  160.0 g sodium hydroxide 
(Sigma-Aldrich Co., LLC, St. Louis, MO) was added to 360.0 g DI water in a stainless steel 
container and stirred using a polytetrafluoroethane stir bar with a magnetic stir plate until fully 
dissolved.  The container was then sealed with polyethylene terephthalate plastic film, and the 
temperature of the stir plate was set to approximately 45 ºC.  A total of 240.0 g fumed silica 
(Cab-o-sil LM-150D, Cabot Corp., Boston, MA) was then added in small batches of 
approximately 10 g, each time allowing for complete or almost complete dissolution of the silica 
before adding the next batch, with the container remaining sealed when not adding silica.  After 
all silica was added, the container was resealed and the contents were allowed to stir at the 
elevated temperature for 24 hours.  After 24 hours, the solution of sodium silicate was poured 
into a polyethylene container, and allowed to equilibrate at ambient conditions for at least two 
weeks. 
 
Metakaolin 
Metakaolin (kaolinite clay calcined at between 500 ºC and 800 ºC, and preferably 
between 650 ºC and 725 ºC) is produced commercially in several grades.  MetaMax HRM (3.6 
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µm median particle size
117
, BASF Corp., Florham Park, NJ) and MetaMax EF (2.7 µm median 
particle size
117
, Engelhard Corp.) were used as received.  Neither ball-milling nor attrition-
milling of MetaMax EF down to a minimum median diameter of 0.8 µm contributed meaningful 
qualitative differences in final product properties as compared to MetaMax EF. 
Impurities in the metakaolin
187
 slightly altered the nominal composition, as described in 
Table A.1.  For clarity, for water-content related experiments the nominal value was adjusted to 
account for these impurities. 
 
Table A.1.  Nominal Composition vs. Actual Composition (x•1•y•z, for 
xNa2O•Al2O3•ySiO2•zH2O) 
Nominal Composition Formulations Actual Composition 
1•1•4.0•11 A, A2 1.06•1•4.23•11.58 
1•1•3.9•11 B 1.03•1•4.17•11.25 
1•1•4.0•z, z≠11 C, C2, D 1.06•1•4.23•z 
1•1•3.9•197 E 1.03•1•4.17•197 
 
A.2. Organic Additives Used 
A summary of all organic precursors used, their abbrivations (if any) and the chapters of 
their use is listed in Table A.2. 
 
A.3. Synthesis and Mixing Equipment Used 
Planetary centrifugal mixer:  ARE-250 (Thinky Corp., Tokyo) with polyethylene sample 
container. 
Ultrasonicator:  W-385 Ultrasonicator (Heat Systems Ultrasonics). 
Humidity chamber:  1000H Series (TestEquity LLC). 
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Table A.2.  List of Organic Additives and Their Abbreviations 
Additive Abbreviation Chapters Used 
Acrylic acid AA 6 
Aminopropyltrimethoxysilane AMS 3 
Ammonium polyacrylate (40% solution in 
water) 
Darvan 821A 4, 7 
Dimethyldiethoxysilane DIDE 7 
Dimethyldimethoxysilane DIDM 7 
Diphenyldimethoxysilane DPhDM 7 
Dodecane C12H26 7 
Hexane C6H14 7 
Methacrylic acid MAA 6 
Methacryloxymethyltrimethoxysilane MEMO-Me 6 
Methacryloxypropylmethyldimethoxysilane MEMO-2,1 3,6 
Methacryloxypropyltrimethoxysilane  MEMO 6 
Methyltriethoxysilane MTES 7 
Phenylaminopropyltrimethoxysilane PAMS 3,6 
Poly(acrylic acid) PAA 6 
Tetramethylsilane TMS 7 
Tetraethoxysilane TEOS 7 
Trimethylethoxysilane TMES 7 
 
A.4. Formulation Summary 
Formulation A:  Standard geopolymer, high silica formulation 
A mass of 19.00 g waterglass was added to 11.10 g Metamax HRM after any additives.  
The components were then mixed with the planetary centrifugal mixer for 180 s at 1000 RPM, 
and then debubbled for 60 s at 1200 RPM.  The resulting Formulation is nominally 1•1•4.0•11. 
The viscous slurry was poured into molds and placed in curing conditions as appropriate. 
 
Formulation A2:  Standard geopolymer, high silica large mold formulation 
A mass of 95.0 g waterglass was added to 55.5 g Metamax HRM and mixed in the 
planetary centrifugal mixer for 480 s at 1000 RPM, and then debubbled for 180 s at 1200 RPM.  
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The resulting formulation is nominally 1•1•4.0•11.  The viscous slurry was poured into molds 
and placed in curing conditions as appropriate. 
 
Formulation B:  Standard geopolymer, low silica fFormulation 
A mass of 18.50 g waterglass was added to 11.10 g Metamax HRM and mixed using the 
planetary centrifugal mixer for 180 s at 1000 RPM, and then debubbled for 60 s at 1200 RPM.  
The resulting Formulation is nominally 1•1•3.9•11.  The viscous slurry was applied to the 
substrate using a spatula, and placed in curing conditions as appropriate.   
 
Formulation C:  Evaporative Geopolymer, No Pre-mixture 
A mass of 2.78 g Metamax EF was placed in a polypropylene container (Solo Cup Co., 
Lake Forest, IL) and a prescribed quantity of water (usually 40.0 g) was added.  Then 4.75 g 
waterglass was added to the mixture.  The mixture was ultrasonicated for 5 minutes at 240 watts 
while stirred on a stir plate until well-mixed.  The resulting dilute slurry had a nominal 
composition 1•1•4.0•z (z=197 for 40.0 g, or as specified) but some water evaporated during 
mixing.  The sample was then placed in the humidity chamber or in a sealed container with a 
large excess of calcium sulfate (Drierite, W. A. Hammond Co., Xenia, OH), and maintained at 
25 ºC until mass loss was not observed. 
 
Formulation C2:  Evaporative Geopolymer with Premix 
A mass of 11.10 g Metamax EF was placed in a polypropylene container (Solo Cup Co.) 
and a prescribed quantity of water was added, along with 0.50 ± 0.03 g 40 wt% poly(methyl 
acrylate) solution (Darvan 821A, R. T. Vanderbilt Co., St. Norwalk, CN) and 19.0 g waterglass.  
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The resulting thick slurry (of composition 1•1•4.0•z, z=18.1, 22.9, 34.2, or 37.4, before 
additives) is sealed, stirred with a stir plate for up to seven days.  This constituted the premix. 
For the cured samples an amount of material equivalent to 0.025 mol geopolymer was 
removed, diluted to 1•1•4.0•197, and any additives were included at this time.  The mixture was 
then ultrasonicated for 8 minutes at 240 watts while being stirred on a stir plate, and placed in the 
controlled humidity chamber or in a sealed container with a large excess of calcium sulfate 
(Drierite), and maintained at 25 ºC until mass loss was not observed. 
 
Formulation D:  Emulsion Geopolymer 
A mass of 2.78 g Metamax EF was placed in a polypropylene container (Solo Cup Co.) 
and a proscribed quantity of water (usually 40.0 g) and some additives.  The additives usually 
consisted of a hydrophobic phase and a surfactant phase, but some materials were found to fulfill 
both roles simultaneously.  This mixture was then ultrasonicated for 9 minutes at 240 watts while 
being stirred on a stir plate.  Then 4.75 g waterglass is added dropwise as quickly as possible, 
while ultrasonication continued for a further 6 minutes (a total of 15 minutes).  This resulting 
dilute slurry had nominal composition 1•1•4.0•z before additives (z=197 for 40.0 g, or as 
specified), but some water and some additives evaporated during the mixing.  The resulting 
mixture was placed in the controlled humidity chamber or in a sealed container with a large 
excess of calcium sulfate (Drierite), and maintained at 25 ºC until mass loss was not observed. 
 
Formulation E:  Premix Emulsion Geopolymer 
A mass of 10.00 g Metamax EF was placed in a high density polyethylene container 
(Thinky Corp.) with 30.0 g water and 0.40 ± 0.03 g 40 wt% poly(ammonium methyl acrylate) 
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solution (Darvan 821A) and 16.67 g waterglass.  The resulting slurry (of composition 
1•1•3.9•50.0 before additives) is sealed, stirred with a stir plate for seven days.  This constituted 
the premix. 
An amount of material equivalent to 0.012 mol geopolymer was removed from the 
premix (15.72 g), placed in a polypropylene container (Solo Cup Co.), diluted to 1•1•3.9•197, 
and any additives were included at this time.  The mixture was then ultrasonicated for 8 minutes 
at 240 watts while being stirred on a stir plate, and placed in the controlled humidity chamber or 
in a sealed container with a large excess of calcium sulfate (Drierite), and maintained at 25 ºC 
until mass loss was not observed. 
 
